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Supervisor:  Donald R. Paul 
 
Polymer nanocomposites with organoclay fillers offer improved properties and 
performance, providing opportunities for commercial applications. The key to significant 
property enhancement is to exfoliate the individual organoclay platelets into the polymer 
matrix to utilize their high aspect ratio and modulus. The affinity between the polymer 
matrix and the organoclay is one of the most important factors for determining the 
exfoliation level.  
Although polar polymers, such as nylon 6, exfoliate the organoclay well, 
hydrophobic matrices, such as polyolefins, generally do not effectively exfoliate the 
organoclay. Thus, a significant part of this work investigates various routes to improve 
polyolefin-organoclay interactions and organoclay exfoliation in these systems.  
Nanocomposites formed from organoclay and blends of high density polyethylene 
and maleic anhydride-grafted high density polyethylene over the entire range of 
compositions were melt processed to obtain further insights into the ‘compatiblizing’ role 
of maleated polyolefins. The organoclay particle aspect ratio was found to initially 
increase drastically, reach a maximum, and slightly decrease with increased maleation. 
As the maleation level increases, the relative modulus increases initially and then levels 
off at higher loadings. 
 viii
To a certain extent, the affinity between the polymer and the organoclay can be 
enhanced by optimizing the organoclay structure for a given polymer matrix. A silanized 
organoclay was investigated to determine if reduced agglomeration, improved 
exfoliation, and matrix reinforcement could be achieved in a polypropylene matrix 
without using a more costly compatibilizer. The silanized organoclay was found to be 
superior to the non-silanized precursor, but did not achieve the benefits obtained with a 
compatibilized matrix.  
Ionomer matrices have also been used as a means of improving organoclay 
exfoliation. This study examined the effects of ion type (K+, Na+), neutralization level, 
and melt index on the nanocomposite morphology and properties. The Na+ ionomers 
appear to have more favorable interactions with the organoclay. Exfoliation and matrix 
reinforcement tend to increase with decreased melt index and with increased 
neutralization, except at high levels. In these cases, it is possible that the additional 
exfoliation results in particles with lower aspect ratios. 
Composite properties are highly dependent on the particle aspect ratio. Several 
theories were used to predict the modulus and the thermal expansion coefficient of 
composites based on the filler aspect ratio. Novel two-population approaches were 
applied to enable the modeling of nanocomposites containing organoclay tactoids and 
single platelets, organoclay particles and glass fibers, or organoclay and elastomer 
particles. The quantitative agreement between the values predicted using experimentally 
determined particle aspect ratios and experimental modulus and thermal expansion was 
vastly improved using these methods. 
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Chapter 1: Introduction 
Polymer nanocomposites continue to attract interest in both industrial and 
academic laboratories as a new class of industrially important materials. Compared to 
conventional composites, very low concentrations (2~5 wt%) of nanometric-sized filler 
particles can significantly improve many properties, such as strength [1-5], gas 
permeability [6-10], flammability resistance [11-15], thermal stability [16], ionic 
conductivity [17, 18], and tunable biodegradability [19], without significantly increasing 
the density of the polymer or changing its optical properties. For these reasons, polymer 
nanocomposites have drawn interest in a wide variety of applications, e.g., automotive, 
electronics, food packaging, biotechnology, and others [20, 21] in recent years.  
BACKGROUND 
Organoclay 
Nanoparticles can be classified based on the number of dimensions with 
nanometer size: one dimension (platelets), two dimensions (fibers), and three dimensions 
(spherical particles). This work focuses on polymer-layered silicate nanocomposites 
using fillers based on sodium montmorillonite (MMT), which consists of layered platelets 
with thicknesses of 0.94 nm and lateral dimensions as large as hundreds of nanometers. 
The individual platelets have high aspect ratios (~ 50-500), surface areas (~750 m2/g), 
and moduli (~178 GPa). 
Sodium montmorillonite is a member of the 2:1 layered smectite family of clays. 
In the case of montmorillonite, two tetrahedral sheets composed of Si oxide sandwich an 
octahedral sheet comprised of Al, Mg, and Fe oxides and hydroxides, as shown in Figure 
1.1. Montmorillonites are structurally derived from pyrophyllite [Si8Al4O20(OH)4] or talc 
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[Si8Mg6O20(OH)4] by substitutions mainly in the octahedral layers, e.g., trivalent Al can 
be substituted by divalent Mg or monovalent Li, which results in some excess negative 
charges [22]. The charge imbalance is compensated by the presence of cations, such as 
Na+, Ca2+ and K+, absorbed between the platelets. Though the cations are stoichiometric, 
they are held relatively loosely and are readily exchanged by other cations. The triple-
sheet layers are stacked onto each other with the interlamellar gallery between them, 
forming bundles of a few microns.  
 
 
Figure 1.1: Structure of sodium montmorillonite. 
Exfoliation of the individual platelets in the polymer matrix leads to the 
significant improvements in properties due to the high aspect ratio and high surface area 
of the silicate platelets. In general, the hydrophilic silicate surface can be made relatively 
organophilic by ion-exchange reactions with cationic surfactants, such as primary, 
secondary, tertiary, and quaternary alkylammonium cations, facilitating dispersion in 
many engineering polymers (see Figure 1.2). Alkylammonium cations in the organoclay 
lower the surface energy of the inorganic silicate, improve the wetting characteristics of 
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the polymer matrix, and increase the interlayer spacing. Some frequently used 
abbreviations are employed to represent the substituents on the ammonium cation, e.g., M 
for methyl and HT for long alkyl chains from hydrogenated tallow [23]. 
 
 
Figure 1.2: Illustrations of organoclay and nanocomposite formation. 
Although an organoclay can be exfoliated more readily than native sodium 
montmorillonite, other issues, such as the processing conditions, the chemical structure of 
the surfactant used to form the organoclay, and the properties of the polymer matrices 
must also be considered to form well-exfoliated nanocomposites.  
Efforts have been made globally starting from two major findings: first, the report 
from the Toyota research group of a Nylon-6 /montmorillonite (MMT) nanocomposite 
[24], in which very small amounts of layered silicate loadings resulted in pronounced 
improvements of thermal and mechanical properties; second, Vaia et al. [25] found that it 
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is possible to melt blend polymers with layered silicates without using organic solvents. 
Because then, there have been some advances in these areas, but the process of 
organoclay exfoliation is still not fully understood.  
The structure of the ammonium surfactants used to modify montmorillonite 
(MMT) clay can be chosen to increase the affinity between the hydrophilic 
aluminosilicate clay and the organophilic polymer matrix. In our previous studies, nylon 
6-based nanocomposites showed the best exfoliation with organoclays formed from a 
surfactant with only one long alkyl tail, allowing the polar polyamide more access to the 
silicate surface of the clay [23, 26, 27]. Non-polar polyolefin matrices, such as 
polypropylene or polyethylene, on the other hand, result in better exfoliation with 
organoclays modified by a surfactant with two or more long alkyl tails, providing 
increased alkyl-polyolefin interactions and decreased silicate-polyolefin interaction [28-
31]. 
Preparation of nanocomposites 
Various techniques have been used for preparing polymer nanocomposites; 
including in-situ polymerization [9, 32, 33], emulsion polymerization [34-37], sol-gel 
templating [38-40], and melt processing [27-30, 41-47]. Melt processing is more 
economic and environmentally friendly than other techniques, yet produces 
nanocomposites of comparable properties. In addition, nanocomposite formation is 
shifted closer to the final product manufacture and is well-suited for rapid changes of 
polymer matrix, organoclay filler, and organoclay loading. Melt processing was used to 
prepare the nanocomposites studied in this work.  
In most cases, the polymer is hand-mixed with the desired amount of organoclay 
and introduced into a Haake co-rotating twin screw extruder (diameter = 30 mm, L/D = 
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10) at a temperature slightly above the melting temperature of the polymer. The 
combined effect of shear and physical and chemical interactions between the polymer and 
organoclay separates the clay platelets to various degrees and disperses them in the 
polymer matrix to form the nanocomposite. The resulting nanocomposite pellets are 
molded into standard tensile (ASTM D638, Type I) and Izod (ASTM D256) bars (0.318 
cm thick) using an Arburg Allrounder 305-210-700 injection molding machine. A 
schematic of the experimental procedure is presented in Figure 1.3.  
 
 
Figure 1.3: Overview of the experimental procedure used for preparing and 
characterizing nanocomposites. 
Characterization 
The morphology and properties of the nanocomposites are evaluated using 
characterization methods such as wide angle X-ray scattering (WAXS), transmission 
electron microscopy (TEM), and tensile tests. WAXS is commonly used to determine the 
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interlayer spacing, d001, by looking at the arbitrary intensity versus 2θ. The spacing is 
then calculated from Bragg’s law: 
 )sin2/(001 θλnd =  (1) 
According to conventional understanding in the literature, shifting of the d001 peak 
to the left, i.e., lower angles, indicates an expanded d-spacing caused by intercalation of 
polymer or low-molecular weight oligomers in the gallery of the clay platelets, while the 
absence of any characteristic basal reflections suggests a well-exfoliated morphology.  
Properly prepared TEM images provide direct visualization of the dispersion of 
the clay particles in nanocomposites, which usually, but not always, confirm the WAXS 
results. Figure 1.4 illustrates the typical WAXS patterns and their respective 
representative morphologies observed by TEM. To have a quantitative assessment of the 




Figure 1.4: TEM and WAXS illustration of the typical nanocomposite morphologies. 
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As shown in Figure 1.4, nanocomposites are commonly classified as immiscible, 
intercalated, or exfoliated. An immiscible morphology is formed when the polymer does 
not intercalate into the galleries of the organoclay, producing a macroscopic mixture 
composed of regions of pure organoclay and regions of pure polymer. The TEM 
micrographs show large agglomerates of clay while the resulting WAXS pattern is 
unchanged from that of the pure organoclay. Intercalated morphologies consist of small 
amounts of intercalated polymer that expand the interlayer distance of the clay platelets 
but cannot overcome the original ordered structure of the clay.  TEM micrographs show 
small, intercalated agglomerates and WAXS patterns show a broad intense peak 
corresponding to a basal spacing close to that of the pure organoclay.  On the other 
hand, exfoliated nanocomposites consist predominantly of individual delaminated silicate 
platelets dispersed in the polymer matrix.  TEM shows the individual platelets while 
WAXS show no characteristic basal reflections. 
The degree to which addition of organoclay to the polymer matrix alters 
mechanical properties provides another way to assess the extent of organoclay 
exfoliation. The increase in tensile modulus is usually a sensitive reflection of organoclay 
exfoliation and is measured by tensile testing the samples at room temperature according 
to ASTM D638. An increase in the stiffness of the nanocomposites is usually 
accompanied by decreases in their ductility and toughness, as characterized by the 
elongation at break values, and Izod impact tests (ASTM D256), respectively. 
 
DISSERTATION SCOPE AND ORGANIZATION 
This Ph.D. project addresses a number of fundamental issues associated with the 
melt processing of polymer nanocomposites to better understand the exfoliation process. 
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The major focus of this project is improving the organoclay exfoliation in non-polar 
polyolefin matrices. Various compatibilizers, such as maleated polyolefins, and various 
organoclay types are examined. Another major part of this dissertation is modeling these 
nanocomposites using novel approaches to improve understanding of these systems.  
This dissertation is divided into eight chapters. Chapter 2 gives a description of 
the materials used and an overview of the experimental techniques employed to form and 
characterize the nanocomposites investigated in this study. Specific details and variations 
of these experimental techniques to meet specific objectives are described in the 
corresponding chapters. Chapters 3 deals with nanocomposites based on HDPE/HDPE-g-
MA blends from 0% to 100% HDPE-g-MA to investigate the effect of maleation over the 
entire range on the morphology and mechanical properties of the nanocomposites. As a 
part of this work, a novel two-population composite model is discussed. Chapter 4 
investigates the possibility of using an edge-silanized organoclay to achieve better 
exfoliation without using a polar compatibilizer. Chapter 5 is devoted to understanding 
TPO nanocomposites via composite modeling using novel modeling concepts. Chapters 6 
and 7 investigate two series of potassium (K+) and sodium (Na+) ionomer 
nanocomposites based on ethylene methacrylic acid (EMAA) copolymers with various 
degrees of neutralization and melt indices. Chapter 6 deals with the thermal, rheological, 
and mechanical properties of the neat ionomers. Chapter 7 discusses the morphological, 
thermal, rheological, and mechanical properties of the corresponding ionomer 
nanocomposites. Finally, Chapter 8 summarizes the general conclusions from the 
research work performed and includes recommendations for future work. 
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Chapter 2: Experimental procedures 
This chapter describes the materials used and the experimental techniques 
employed to form and characterize the nanocomposites investigated in this work. Each 
subsequent chapter also includes a brief description of the materials and experimental 




The major focus of this work was on exploring the morphology and properties of 
polyolefin nanocomposites. The polymers used in this work are described in Table 2.1. 
Modeling work was done on some nylon nanocomposites and on blends including an 
ethylene/octane elastomeric copolymer. 
 
Table 2.1: Polymers used in this work 





MI = 2 g/10 min 






HDPE-g-MA Fusabond E MB100D DuPont 
MI = 2 g/10 min 
ρ = 0.96 g/cm3 
MP = 134 °C 
MA content = 0.9 wt% 
Polypropylene PP Pro-Fax PH020 LyondellBasell
MI = 37 g/10 min 





PP-g-MA Polybond 3200 Chemtura 
MI = 115 g/10 min 
ρ = 0.91 g/cm3 
MP = 157 °C 
MA content = 1.0 wt% 
 
MWD ≈ 2.7 
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Na 1 Experimental DuPont 
MI = 15.3 g/10 min 
Precursor MI = 60 g/10 min 
MAA content = 15 wt% 
Neutralization = 14.2 % 
Na 2 Experimental DuPont 
MI = 5.8 g/10 min  
Precursor MI = 60 g/10 min 
MAA content = 15 wt% 
Neutralization = 27.1 % 
Na 3 Experimental DuPont 
MI = 2.6 g/10 min  
Precursor MI = 60 g/10 min 
MAA content = 15 wt% 
Neutralization = 39.5 % 
Na 4 Experimental DuPont 
MI = 1.2 g/10 min  
Precursor MI = 60 g/10 min 
MAA content = 15 wt% 
Neutralization = 50.7 % 
Na 5 Experimental DuPont 
MI = 0.6 g/10 min  
Precursor MI = 60 g/10 min 
MAA content = 15 wt% 
Neutralization = 58.9 % 
Na 6 Experimental DuPont 
MI = 5.5 g/10 min  
Precursor MI = 25 g/10 min 
MAA content = 15 wt% 
Neutralization = 16.0 % 
Na 7 Experimental DuPont 
MI = 2.3 g/10 min  
Precursor MI = 25 g/10 min 
MAA content = 15 wt% 
Neutralization = 27.8 % 
Na 8 Experimental DuPont 
MI = 1.2 g/10 min  
Precursor MI = 25 g/10 min 
MAA content = 15 wt% 







Na 9 Experimental DuPont 
MI = 0.5 g/10 min  
Precursor MI = 25 g/10 min 
MAA content = 15 wt% 
Neutralization = 50.7 % 
K 1 Experimental DuPont 
MI = 47.6 g/10 min  
Precursor MI = 200 g/10 min
MAA content = 15 wt% 







K 2 Experimental DuPont 
MI = 22.4 g/10 min  
Precursor MI = 200 g/10 min
MAA content = 15 wt% 
Neutralization = 31.7 % 
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K 3 Experimental DuPont 
MI = 11 g/10 min  
Precursor MI = 200 g/10 min
MAA content = 15 wt% 
Neutralization = 43.1 % 
K 4 Experimental DuPont 
MI = 4.8 g/10 min  
Precursor MI = 200 g/10 min
MAA content = 15 wt% 
Neutralization = 53.6 % 
K 5 Experimental DuPont 
MI = 12.6 g/10 min  
Precursor MI = 60 g/10 min 
MAA content = 15 wt% 
Neutralization = 20.5 % 
K 6 Experimental DuPont 
MI = 5.7 g/10 min  
Precursor MI = 60 g/10 min 
MAA content = 15 wt% 
Neutralization = 30.4 % 
K 7 Experimental DuPont 
MI = 3 g/10 min  
Precursor MI = 60 g/10 min 
MAA content = 15 wt% 
Neutralization = 40.1 % 
K 8 Experimental DuPont 
MI = 1.3 g/10 min  
Precursor MI = 60 g/10 min 
MAA content = 15 wt% 
Neutralization = 52.4 % 
K 9 Experimental DuPont 
MI = 5.4 g/10 min  
Precursor MI = 25 g/10 min 
MAA content = 15 wt% 
Neutralization = 20.4 % 
K 10 Experimental DuPont 
MI = 3.7 g/10 min  
Precursor MI = 25 g/10 min 
MAA content = 15 wt% 
Neutralization = 25.6 % 
K 11 Experimental DuPont 
MI = 1.3 g/10 min  
Precursor MI = 25 g/10 min 
MAA content = 15 wt% 
Neutralization = 38.4 % 
K 12 Experimental DuPont 
MI = 1.2 g/10 min  
Precursor MI = 25 g/10 min 
MAA content = 15 wt% 
Neutralization = 39.9 % 
Fillers 
Three different types of organoclay, generously donated by Southern Clay 
Products, were used in this work as described in Table 2.2. The organoclays were 
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prepared by cation exchange reaction between sodium montmorillonite (Na-MMT) and 
an alkyl ammonium surfactant derived from natural tallow oils provided to Southern Clay 
Products by Akzo Nobel. A simple nomenclature system has been adopted to describe the 
structure in a concise manner, i.e., M for methyl and HT for hydrogenated tallow oil 
(predominantly saturated C18 chains). The level of the surfactants added to the clay is 
designated by the milliequivalent ratio (MER) defined as the milliequivalents of 
surfactant per 100 g of clay [1]. Modeling work was done on some composites containing 
glass fibers.  
 
Table 2.2: Organoclays used in this study 
Designation Commercial 
designation1 










Organic content = 31.5 
wt% 
d001 = 24.2 Å 
C15A 
M2(HT)2 





M2(HT)2  125 MER 
Organic content = 43 wt% 






M2(HT)2  125 MER 
Organic content = 43 wt% 
d001 = 31.5 Å 
6 wt% trimethoxyphenyl  
silane 
Notes: 
1. All the organoclays used in this study are generously donated by Southern Clay 
Products Inc. 
2. The symbols are M = methyl and (HT) = hydrogenated tallow. 
3. The organic loadings shown here are values reported by Southern Clay Products, Inc.  
MELT PROCESSING 
The organoclay and the hydrophilic polymers, i.e., HDPE-g-MA, PP-g-MA, and 
ionomers, were dried for a minimum of 24 h in a vacuum oven, prior to melt processing. 
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Most of the nanocomposites were melt compounded in a Haake co-rotating, intermeshing 
twin screw extruder (diameter = 30 mm, L/D = 10) using a barrel temperature of slightly 
above the melt temperature of the polymer, a screw speed of 280 rpm , and a feed rate of 
1 kg/h. The polymer and the organoclay were hand-mixed prior to extrusion and 
introduced into the extruder by a single hopper. Additional nanocomposite samples were 
melt compounded in a Werner and Pfeiderer ZSK 25 (diameter = 25 mm, L/D = 48) 
extruder.  
After drying the pellets from the extrusion process in a vacuum oven, tensile 
specimens (ASTM D638, Type I) and Izod bars (ASTM D256) were prepared by an 
Arburg Allrounder 305-210-700 injection-molding machine. After molding, the samples 
were immediately sealed in a polyethylene bag and placed in a vacuum desiccator for a 
minimum of 24 hours prior to testing. 
The clay concentrations of the nanocomposites are reported in terms of the 
montmorillonite (MMT) weight percent rather than the amount of organoclay because the 
silicate is the reinforcing component. The montmorillonite content of the nanocomposite 
was determined by placing pre-dried nanocomposite pellets in a furnace at 900 °C for 45 
min and weighing the remaining MMT ash, correcting for loss of structural water [2-4]. 
935.0/%% ashMMTMMT =  (1) 
CHARACTERIZATION  
Morphology 
Wide angle X-ray scattering (WAXS) 
Wide angle X-ray scattering (WAXS) scans were performed using a Bruker-AXS 
D8 Advance diffractometer in the reflection mode, using an incident X-ray wavelength of 
0.1541 nm at a scan rate of 3.0°/min over the range of 2θ = 1° to 12°. The skin of the 
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major face of the rectangular nanocomposite bars and the organoclay powder were 
scanned at room temperature. These scans were performed at Southern Clay Products.  
Transmission electron microscopy 
Morphology was examined primarily via a FEI TECNAI G2 F20 X-TWIN 
transmission electron microscope (TEM) operating under an accelerating voltage of 200 
kV. Some samples were observed using a JEOL 2010F TEM operating under an 
accelerating voltage of 120 kV. Ultra-thin sections (~50 nm) for morphological analysis 
were taken from the core portion of an injection-molded bar in the plane defined by the 
flow direction (FD) and the normal direction (ND) using an RMC PowerTome XL 
microtome as shown in Figure 2.1.. The nanocomposite samples and the diamond knife 
were cooled using liquid nitrogen. Cut sections were collected onto 400 mesh grids and 
dried with filter paper. 
 







Figure 2.1: Illustrations of TEM sample orientation used in this work. 
MMT particle analysis 
Particle analyses were performed on TEM micrographs at magnifications of 8–30 
K, depending on the extent of exfoliation in the sample. Because of low contrast, TEM 
images were converted into .jpg format and opened in GIMP (GNU Image Manipulation 
Program). Two tracings in separate, transparent layers were made of particle lengths and 
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thicknesses. For nanocomposites with single platelets, the thickness of these platelets 
could not accurately be measured and was assigned a thickness of 0.94 nm corresponding 
to the known results for MMT platelets [5, 6]. Each tracing was saved separately in .tif 
format and imported into the image analysis program, SigmaScan Pro, where each 
particle tracing was assigned a number and their characteristic dimensions were 
measured. Because the numbers assigned in the tracing of the length and the tracing of 
the thickness of the particles do not correspond, the particle dimensions must be matched 
manually. In this work, four different kinds of aspect ratios are calculated, i.e., the 
number and weight averages of the aspect ratios calculated for individual particles, 
n
tl /  and 
w
tl / , and ratios of the number and weight averages of particle lengths and 
thicknesses, ( )nn tl /  and ( )ww tl / . To ensure statistical validity of the analysis, 200–500 
particles were counted to measure the length, thickness, and aspect ratio. 
Light microscopy 
The extent of agglomeration was examined by performing light microscopy on an 
Olympus BX51 Cross Polarized Optical Microscope with a 10X lens in the transmission, 
brightfield mode with a polarizing filter between the light source and the sample and 
another polarizing filter set at 90º to the first filter located between the sample and the 
camera. Images were collected on an Olympus DP72 Microscope Digital Camera. 
Samples were prepared by compression molding thin films (~40μm) above the melting 
point between two sheets of Mylar for a total of 4.5 minutes (including a 2.5 minute 
preheat/melting time) in a manual Carver press and quenching the hot films in an ice 
bath. The films were mounted between a 25 by 75 mm slide and a 22 mm cover slide 
with low viscosity mineral oil on both sides of the specimen. These agglomeration 




Tensile tests were performed at room temperature according to ASTM D638 
using an Instron model 1137 machine upgraded for computerized data acquisition. 
Tensile modulus values were determined using an extensometer at a crosshead rate of 
0.51 cm/min. Elongation at break and yield strength data were measured at 0.51 cm/min 
and 5.1 cm/min. Elongations greater than 400% could not be measured due to the 
limitations of crosshead travel. Typically, at least five specimens were tested and 
averaged to determine the tensile properties.  
Izod impact  
Notched Izod impact tests were conducted at room temperature with a 6.8 J 
hammer at an impact velocity of 3.5 m/s using a TMI Impact tester (model 43-02). 
Standard notches were made according to ASTM D256. Frequently, as-molded 
rectangular bars are cut in half (to generate more samples) and the Izod impact strength 
data from the gate end (the end at which the molten polymer enters the mold during 
injection molding) and the far end are averaged together. Morphological differences 
arising from the injection-molding process can result in significant differences between 
the Izod impact strength measured at the gate end and the far end of the samples. Thus, in 
some cases, the Izod impact strength data were averaged from four samples each of the 
gate end, of the middle, and of the far end of the bars. In most cases, however, the impact 
strength data from the gate and far ends were averaged together because the difference 
between the two is relatively small.  
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Melt rheology 
Melt rheological characteristics were determined using an AR 2000ex Rheometer 
using a parallel plate fixture at a fixed temperature under a nitrogen gas flow. Frequency 
sweep tests were made over a range of 0.1–200 rad/s at a fixed strain within the linear 
viscoelastic range for each sample. Specimens for rheological testing were taken from the 
far end of injection molded samples and trimmed after heating on the rheometer plate to a 
disk with a diameter of 25 mm and a thickness of 1 mm. 
Thermal expansion 
Thermal expansion tests were conducted according to ASTM D696 using a 
Perkin–Elmer thermomechanical analyzer (TMA 7). Rectangular specimens were 
prepared from the central region of Izod bars. The dimensions of the specimens were 
approximately as follows: thickness = 3.2 mm, width = 6.4 mm, and height = 12.7 mm. 
Thermal expansion measurements were made in the flow direction (FD). Each specimen 
was held at −40 °C for 5 min, heated at a rate of 5 °C/min to 125 °C and subsequently 
held for 30 min, and then quenched to room temperature. In order to assess both 
reversible and non-reversible effects, each specimen was stored at room temperature for 
at least 24 h after the first heating and then rescanned from −40 °C to 125 °C at a rate of 
5 °C/min. All measurements were done in a nitrogen atmosphere.  
Differential scanning calorimetry 
Differential scanning calorimetric (DSC) thermograms were recorded using a 
Perkin Elmer Model DSC-7 at a heating rate of 10 °C/min under an extra dry N2 
atmosphere. The predried samples of 7-10 mg were packed into aluminum pans and 
heated slightly above the melting point to reset the thermal history. The melting 
temperature and the heat of fusion were determined from the second heating scan. A 
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number of factors, such as moisture content and room temperature aging, can affect the 
details of the DSC thermograms [7-9]. Thus, in some cases, the samples were kept in a 
desiccator for various times before the second scan to assess the effect of room 
temperature aging time.  
Composite theory 
Theoretical modeling is an attractive approach for the design of polymer 
composite systems, and numerous models [10-13] have been proposed for predicting the 
properties of composites and for correlating experimental data with such predictions. 
However, numerous assumptions are made when using such models. For example, it is 
assumed that the polymer matrix is not affected by the presence of the filler, that the filler 
is of uniform dimensions and is perfectly aligned, that the matrix and filler are isotropic, 
that the matrix and filler are well bonded, and that there are no particle—particle 
interactions or agglomerations [14].  
These models all treat the fillers as aligned ellipsoidal particles characterized by 
the ratio of the major to the minor axes, i.e., a = l/t for prolate ellipsoids (fiber-shaped 
inclusions) and a = t/l for oblate ellipsoids (disk-shaped particles), with the major axis 
defined as being in the 1 direction (Figure 2.2). Because in an idealized injection-molded 
composite the major axes of fiber-shaped inclusions are parallel to the flow direction 
(FD) while the major axes of disk-shaped inclusions are perpendicular to the plane 
defined by the FD and the transverse direction (TD), the coordinate system depicted in 






(a)   (b) 
 









Figure 2.3. Physical representations and coordinate system for elastomer (a), organoclay 




In the model calculations, there are generally two ways of treating the organoclay 
particles. One is to assume good exfoliation (method 1) and treat the MMT platelets 
themselves as the reinforcing filler particles. In this case, Ep = EMMT = 178 GPa [14], ν = 
0.20, and pφ  = MMTφ . 
Another way is to consider the partially exfoliated clay particles as parallel 
arrangements of MMT platelets and gallery material as described in previous reports [5, 
14-18] (method 2). The tensile modulus of such an effective particle is often assumed to 
be given by the following rule of mixtures 
 gallerygalleryMMTMMTp vv EEE +=  (2) 
where vMMT and vgallery are the volume fraction of montmorillonite and of the gallery 
space in the effective particle, while EMMT and Egallery are their corresponding moduli. The 
volume fraction of MMT platelets in the particle, vMMT, is calculated as the ratio of the 
thickness of an individual platelet and the d-spacing of the nanocomposite as determined 






=  (3) 
Considering that the modulus of the organic material in the gallery is significantly 
smaller than the modulus of the MMT platelets, Eq. (19) reduces to 
 MMTMMTp v EE =  (4) 




p vMMT of volume
particlefiller  of volume
itenanocompos of volume
MMT of volume φφ ==  (5) 
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Halpin-Tsai model 
The Halpin-Tsai equations treat the fillers as rectangular platelets and can be used 
to predict the tensile modulus of nanocomposites from the neat component properties and 
the particle aspect ratios as determined by quantitative particle analysis of TEM images. 













E  (6) 
where Ep and Em are the modulus values of the filler particle and matrix polymer, 
respectively, φ  is the volume fraction of the filler particles, l/t represents the filler 










=η  (7) 
Mori-Tanaka model 
The Mori-Tanaka average stress theory [19] is based on the principles of 
Eshelby’s inclusion model for predicting an elastic stress field in and around an 
ellipsoidal particle in an infinite matrix [20]. To account for finite filler concentrations, 
however, Mori and Tanaka [19], considered a non-dilute composite of many identical 
ellipsoidal particles that cause the matrix to experience an average stress different from 
the applied stress. The volume average stress over the entire composite was forced to 
equal the applied stress to satisfy equilibrium conditions. Tandon and Weng [21] used 
this assumption together with Eshelby’s solution to derive complete analytical solutions 
for the elastic moduli of an isotropic matrix filled with aligned ellipsoidal inclusions. The 
relative tensile modulus when the direction of the applied load is parallel to the major 
















and the relative modulus when the direction of the applied load is perpendicular to the 
















 where φ  is the volume fraction of filler, νm is Poisson’s ratio of the matrix, and A, A1, 
A2, A3, A4, A5, are functions of Eshelby’s tensor and the properties of the filler and the 
matrix, specifically Young’s modulus, Poisson’s ratio, filler concentration, and filler 
aspect ratio (a) (see Appendices A and B) [21].  
For composites based on fiber-shaped inclusions, the tensile modulus in the FD is 
calculated using Eq. (8), EFD = E||, and the modulus in the normal direction (ND) and the 
TD is calculated using Eq. (9), END = ETD = E┴. For composites based on disk-shaped 
inclusions, the tensile modulus in the FD and the TD is calculated using Eq. (9), EFD = 
ETD = E┴, and the modulus in the ND is calculated using Eq. (8), END = E||.  
Lee model 
The Lee method employs the same assumptions and procedures used in the Mori-
Tanaka average stress theory to derive the coefficients of thermal expansion (CTE). The 































where φ  is the volume fraction of filler, and B1, B2, B3, B4, B5, and D4 are functions of 
Eshelby’s tensor and the properties of the filler and the matrix, specifically Young’s 
modulus, Poisson’s ratio, filler concentration, and filler aspect ratio (a) (see Appendices 
A and B) [24]. 
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 For composites based on fiber-shaped inclusions, the CTE in the FD is calculated 
using Eq. (10), ||αα =FD , and the CTE in the ND and the TD is calculated using Eq. 
(11), ⊥== ααα TDND . The bulk CTE is  
 NDFD ααγ 2+=  (12)
 For composites based on disk-shaped inclusions, the CTE in the FD and the TD is 
calculated using Eq. (11), ⊥== ααα TDFD , and the CTE in the ND is calculated using 
Eq. (10), ||αα =ND . The bulk CTE is  
 NDFD ααγ += 2  (13)
Chow model 
The Chow model treats the fillers as aligned ellipsoidal particles characterized by 
the ratio of the major to the minor axes [25, 26].  The relative tensile modulus when the 


















and the relative modulus when the direction of the applied load is perpendicular to the 















where φ  is the volume fraction of filler, and kf and km are the bulk modulus and μf and 
μm are the shear modulus of the filler and matrix, respectively. Other parameters used are 
defined in Appendix C. 
For composites based on fiber-shaped inclusions, the modulus in the FD is 
calculated using Eq. (14), EFD = E||, and the modulus in the ND and the TD is calculated 
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using Eq. (15), END = ETD = E┴. For composites based on disk-shaped inclusions, the 
modulus in the FD and the TD is calculated using Eq. (15), EFD = ETD = E┴, and the 
modulus in the ND is calculated using Eq. (14), END = E||. 













































where the parameters used are defined in Appendix C. 
For composites based on fiber-shaped inclusions, the CTE in the FD is calculated 
using Eq. (16), ||αα =FD , and the CTE in the ND and the TD is calculated using Eq. 
(17), ⊥== ααα TDND . The bulk CTE is  
 NDFD ααγ 2+=  (18)
For composites based on disk-shaped inclusions, the CTE in the FD and the TD is 
calculated using Eq. (17), ⊥== ααα TDFD , and the CTE in the ND is calculated using 
Eq. (16), ||αα =ND . The bulk CTE is  
 NDFD ααγ += 2  (19)
Schapery (Voigt) model 
The Schapery model describes the theoretical limit of a composite with fillers of 
infinite aspect ratio [27]. These models are based on the upper bounds described by Voigt 
[28]. The longitudinal tensile modulus is 
 φφ fm11 )1( EEE
S +−=  (20)
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Chapter 3: Morphology and properties of nanocomposites based on 
HDPE/HDPE-g-MA blends  
Nanocomposites formed from polyolefin matrices are often modified with a polar 
compatibilizer to improve exfoliation and enhance properties. The grafting of maleic 
anhydride to the polyolefin backbone significantly increases the polarity and, thus, 
improves exfoliation in polypropylene [1-9] and polyethylene [10-20]. Other approaches 
include the incorporation of polar comonomers like vinyl acetate [12, 21, 22], 
methacrylic acid [23-26], or  methacrylic acid ionomers [27-30].  
Maleated polypropylene, PP-g-MA, is typically used in relatively low quantities, 
comparable to the mass of organoclay, to form polypropylene-based nanocomposites and 
is thought of as a “compatibilizer” [4-9]. Use of small amounts of PP-g-MA is 
advantageous commercially owing to the substantially higher cost of PP-g-MA compared 
to unmodified PP. It would be useful, however, to understand how the morphology and 
properties of nanocomposites change as the ratio of maleated to unmaleated polyolefin in 
the matrix changes over a broader range.  
It is not practical to explore this question for polypropylene-based 
nanocomposites because the maleation process leads to significant scission of 
polypropylene chains, lowering the molecular weight and, therefore, greatly reducing the 
melt viscosity of PP-g-MA compared to the PP precursor [31-33]. Melt rheology is 
known to play some role in the exfoliation process in melt compounding because this 
affects the stresses imposed on the organoclay tactoids [34, 35]. However, maleation of 
linear polyethylene does not lead to significant chain scission, making it possible to 
obtain commercial high density polyethylene (HDPE) and maleic anhydride-grafted high 
density polyethylene (HDPE-g-MA) with comparable rheological properties.  
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This chapter explores the extent of organoclay exfoliation and the mechanical 
properties of melt compounded nanocomposites with matrices consisting of 
HDPE/HDPE-g-MA blends over the full range of compositions. This allows a useful way 
to explore the relationship between mechanical properties and the degree of exfoliation 
without dramatically changing the nature of the polymer matrix and to obtain further 
insights into the “compatibilizing” role of maleated polyolefins for nanocomposite 
formation.   
EXPERIMENTAL 
Materials  
The high density polyethylene, HDPE, (Alathon® M6020, LyondellBasell) and 
the maleic anhydride-grafted high density polyethylene, HDPE-g-MA, (Fusabond® E 
MB100D, Du Pont) were chosen because they have the same melt index (MI = 2 g/10 
min). It is expected that the HPDE and the HDPE-g-MA used are miscible with each 
other based on prior work with related polyolefins [36, 37]. The organoclay designated as 
M2(HT)2, donated by Southern Clay Products, was prepared by a cation exchange 
reaction between sodium montmorillonite (Na+ MMT) and a two-tailed quaternary 
ammonium surfactant, dimethyl bis(hydrogenated-tallow) ammonium chloride (Arquad 
2HT-75). Some frequently used abbreviations are employed here to represent the 
substituents on the ammonium cation, e.g., M for methyl and HT represents long alkyl 
chains from hydrogenated tallow [28, 38, 39]. Tables 2.1 and 2.2 in Chapter 2 provide 
further details on the materials used in this study. This organoclay was selected based 
upon recent studies showing improved organoclay exfoliation in polyethylene using 
surfactants with two tails on the ammonium ion instead of one tail [10, 21, 24, 28]. The 
polymers employed have better affinity for the largely aliphatic organic modifier than for 
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the unmodified clay surface. The larger area of the clay surface covered by two tails 
increases the favorable surfactant-polymer interaction and decreases the unfavorable 
polymer-clay interaction. 
Melt processing 
The organoclay and the HDPE-g-MA were dried for a minimum of 24 h in a 
vacuum oven at 80 °C, prior to melt processing. Nanocomposites were melt compounded 
in a Haake co-rotating, intermeshing twin screw extruder (diameter = 30 mm, L/D = 10) 
using a barrel temperature of 200 - 205 °C, a screw speed of 280 rpm , and a feed rate of 
1 kg/h. The HDPE, the HDPE-g-MA, and the organoclay were hand-mixed prior to 
extrusion and introduced into the extruder by a single hopper.  
Tensile specimens (ASTM D638, Type I) and Izod bars (ASTM D256) were 
prepared by an Arburg Allrounder 305-210-700 injection-molding machine using a barrel 
temperature of 200 °C (feed) to 205 °C (die), an injection pressure of 75 bar, and a 
holding pressure of 50 bar. After molding, the samples were immediately sealed in a 
polyethylene bag and placed in a vacuum desiccator for a minimum of 24 h prior to 
testing.  
The montmorillonite content of the nanocomposite was determined by placing 
pre-dried nanocomposite pellets in a furnace at 900 °C for 45 min and weighing the 
remaining MMT ash, correcting for loss of structural water [34, 40-42]. 
Characterization 
Differential scanning calorimetric (DSC) thermograms were recorded using a 
Perkin-Elmer Model DSC-7 at a heating rate of 10 °C/min under an extra dry N2 
atmosphere over a temperature range of 30 °C to 180 °C. The predried neat HDPE and 
HDPE-g-MA samples of 7 mg to 10 mg were packed in aluminum pans, heated to 
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180 °C, and held there for 5 min to reset the thermal history. The melting temperature 
and the heat of fusion were determined from the second heating scan. The percent 
crystallinity was determined by dividing the heat of fusion value by 293 J/g, the heat of 
fusion of 100% crystalline polyethylene [43]. 
Morphology was examined primarily via a JEOL 2010F transmission electron 
microscope (TEM) operating under an accelerating voltage of 120 kV. Some samples 
were observed using a FEI TECNAI G2 F20 X-TWIN TEM operating under an 
accelerating voltage of 200 kV. Ultra-thin sections (~50 nm) for morphological analysis 
were taken from the core portion of an injection molded bar in the plane defined by the 
flow direction (FD) and the normal direction (ND) using an RMC PowerTome XL 
microtome [44]. The nanocomposite samples and the diamond knife were cooled to 
between -75 and -85 °C and -60 °C, respectively, using liquid nitrogen. Cut sections were 
collected onto 400 mesh grids and dried with filter paper. 
Wide angle X-ray scattering (WAXS) scans were performed using a Bruker-AXS 
D8 Advance diffractometer in the reflection mode, using an incident X-ray wavelength of 
0.1541 nm at a scan rate of 3.0°/min over the range of 2θ = 1° to 12°. The skin of the 
major face of the rectangular nanocomposite bars and the organoclay powder were 
scanned [45]. 
Tensile tests were performed according to ASTM D638 using an Instron model 
1137 machine upgraded for computerized data acquisition. Tensile modulus values were 
determined using an extensometer at a crosshead rate of 0.51 cm/min and averaged from 
at least five specimens. Elongation at break and yield strength data were taken at 0.51 
cm/min and averaged from at least three specimens. Elongations greater than 400% could 
not be measured, due to the limitations of crosshead travel.  
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Notched Izod impact tests were conducted at room temperature using a 6.8 J 
hammer and 3.5 m/s impact velocity using a TMI Impact tester (model 43-02). Standard 
notches were made according to ASTM D256. Frequently, as-molded rectangular bars 
are cut in half (to generate more samples) and the Izod impact strength data from the gate 
end (the end at which the molten polymer enters the mold during injection molding) and 
the far end are averaged together. Morphological differences arising from the injection 
molding process can result in significant differences between the Izod impact strength 
measured at the gate end and the far end of the samples. Thus, in this work, the Izod 
impact strength data were averaged from four samples each of the gate end, of the 
middle, and of the far end of the bars.  
Particle analysis 
Particle analyses were performed on TEM micrographs at magnifications of 8K to 
30K, depending on the extent of exfoliation in the sample. Because of low contrast, TEM 
images were converted into .jpg format and opened in GIMP (GNU Image Manipulation 
Program). Two tracings in separate, transparent layers were made of particle length and 
thickness. For nanocomposites with single platelets, the thickness of these platelets could 
not accurately be measured and was assigned a thickness of 0.94 nm corresponding to the 
known results for MMT platelets [21, 46]. Each tracing was saved separately in .tif 
format and imported into the image analysis program, SigmaScan Pro, where each 
particle tracing was assigned a number and their characteristic dimensions were 
measured. Because the numbers assigned in the tracing of the length and the tracing of 
the thickness of the particles do not correspond, the particle dimensions must be matched 
manually. In this work, four different kinds of aspect ratios are calculated, i.e., the 
number and weight averages of the aspect ratios calculated for individual particles, 
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n
tl /  and 
w
tl / , and ratios of the number and weight averages of particle lengths and 
thicknesses, ( )nn tl /  and ( )ww tl / . To ensure statistical validity of the analysis, 200~400 
particles were counted to measure the length, thickness, and aspect ratio. 
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Table 3.2: DSC results for neat polymers 














RESULTS AND DISCUSSION 
Properties of neat blends  
Before discussing the morphology and properties of the nanocomposites, it is 
useful to examine the properties of the neat HDPE/HDPE-g-MA blends used as 
nanocomposite matrices. The melting temperature (peak values), heat of fusion, and 
percent crystallinity for neat HDPE and HDPE-g-MA are shown in Table 3.2, as 
determined by DSC. HDPE-g-MA has lower melting temperature, heat of fusion and 
degree of crystallinity than HDPE, due to the maleic anhydride groups that disrupt the 
ordered crystalline structure of polyethylene.  
The tensile modulus and the yield strength of neat HDPE/HDPE-g-MA blends are 
shown plotted versus HDPE-g-MA content in Figure 3.1(a) and (b) respectively. Both 
modulus and yield strength decrease at high HDPE-g-MA levels, likely due to the lower 
crystallinity of HDPE-g-MA compared with HDPE. Neat blends of HDPE/HDPE-g-MA 
are too ductile to determine the breaking point on the available equipment, therefore, all 
elongations at break are >400%. 
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Figure 3.1. Effect of HDPE-g-MA content on mechanical properties of HDPE/HDPE-g-
MA blends without clay: (a) tensile modulus, (b) yield strength, and (c) Izod impact 
strength. 
Neat HDPE has been reported to have different impact values for the gate end and 
far end of injection-molded Izod bars [47]. Because of large differences measured 






far ends. In addition, impact strengths were measured at the middle of the Izod bars by 
cutting off the quarters of the bar near the gate and far end. Izod impact strength data for 
neat HDPE/HDPE-g-MA blends are presented in Figure 3.1(c). Generally, the fracture 
energy decreases from the gate end to the middle and from the middle to the far end. This 
could be the result of differences in the molecular orientation, crystal orientation, and 
percent crystallinity along the length of the bar. Pantani et al. found significant changes in 
molecular orientation along the flow direction, but no significant change in crystallinity, 
for injection molded isotactic polypropylene (iPP). They also noted substantial 
morphological differences by varying the molding conditions [48, 49]. In our study, the 
molding conditions were held relatively constant. The molding conditions may be 
optimized to minimize the difference in impact strength along the flow direction of the 
bar, but this was beyond the scope of this work.  
Izod impact strength generally decreases as HDPE-g-MA content increases 
regardless of the portion of the bar tested. At ~6% HDPE-g-MA the fracture energy 
decreases dramatically. Higher levels of HDPE-g-MA reduce the impact strength more 
gradually. Bars with HDPE-g-MA levels of < 5% have a large variance in impact 
strength. The change in impact strength with increased HDPE-g-MA content was not 
expected and the reasons are not well understood. Molding conditions such as injection 
speed were varied for both neat HDPE and neat HDPE-g-MA, but the Izod impact 
strength for HDPE was always significantly higher than for HDPE-g-MA. Differences in 
crystallinity, interactions between maleic anhydride groups, and differences in the 
molecular weight distributions may affect the fracture energy; however, sorting out these 
and possibly other reasons for the differences shown was considered to be beyond the 







Transmission electron microscopy 
TEM observations allow for a visual, qualitative assessment of the degree of 
organoclay exfoliation in polymer nanocomposites. Figure 3.2 shows representative TEM 
micrographs for nanocomposites with different HDPE-g-MA concentrations having a 
nominal MMT content of 5 wt%. For the HDPE nanocomposites (Figure 3.2(a)), large 
tactoids are seen, indicating poor clay dispersion. Particles with thicknesses of 1 μm or 
greater can be found.  
The addition of merely 0.5 wt% HDPE-g-MA (Figure 3.2(b)) to the polymer 
matrix significantly improves the exfoliation of the organoclay. Taking note of the 
different scale bars, the size of tactoids is decreased dramatically. Though large tactoids 
are still present, many smaller particles are seen. Clearly, even small amounts of HDPE-
g-MA dramatically influence the ability of the polymer matrix to exfoliate the 
organoclay.  
As more HDPE-g-MA is added to the polymer matrix, exfoliation continues to 
improve. As seen in Figure 3.2(c), (d), and (e), for nanocomposites with 3 wt%, 9 wt%, 
and 18 wt% of HDPE-g-MA respectively, the size of the clay tactoids continue to 
decrease and the ratio of smaller particles to larger tactoids increases with increased polar 
content.  
Nanocomposites based on 25 wt%, 50 wt%, 65 wt%, 85 wt%, and 100 wt% 
HDPE-g-MA are shown in Figure 3.2(f), (g), (h), (i), and (j), respectively, and have a 
well-exfoliated morphology consisting primarily of single platelets. Little difference in 
the extent of exfoliation can be seen qualitatively.  
The noted enhancements in exfoliation with increased amounts of polar MA 






organoclay. The exfoliation improves rapidly with the addition of initial amounts of 
HDPE-g-MA, but after a certain threshold value is reached (~25 wt% HDPE-g-MA), 
little change in the extent of exfoliation is seen. 
Particle analysis 
Particle analysis is used to quantify the extent of exfoliation shown in the TEM 
images. The statistical results and the MMT concentration of each nanocomposite as 
determined by incineration are shown in Table 3.1. The aspect ratios obtained by 
averaging the values of each particle, 
n
tl /  and 
w
tl / ,  are generally larger than 
those calculated from the ratio of the corresponding average values of length and 
thickness, ( )nn tl /  and ( )ww tl / . The ratio of number average particle length and 
thickness, ( )nn tl / , is generally larger than the ratio of weight average particle length and 
thickness, ( )ww tl /  while the weight average aspect ratio obtained by averaging values of 
each particle, 
w
tl / , is always larger than the corresponding number average ratio, 
n
tl / . These trends are in a good agreement with previous reports [21, 50, 51]. 
Figure 3.3 shows a series of representative histograms of particle length, thickness 
and aspect ratio for HDPE/HDPE-g-MA 25% based nanocomposites containing ~5 wt% 
MMT. All of these features showed broad distributions based on the analysis of a total of 
340 particles. To better understand the relationship between the polarity of the polymer 
matrix and the organoclay exfoliation, plots of particle lengths and thicknesses (Figure 
3.4(a) and (b)) and particle aspect ratios (Figure 3.4(c)) as a function of HDPE-g-MA 
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Figure 3.2: TEM photomicrographs of HDPE/HDPE-g-MA/M2(HT)2 nanocomposites with nominally 5 wt% MMT: (a) HDPE, (b) 
HDPE/HDPE-g-MA 0.5%, (c) HDPE/HDPE-g-MA 3%, (d) HDPE/HDPE-g-MA 9%, (e) HDPE/HDPE-g-MA 18%, (f) HDPE/HDPE-
g-MA 25%, (g) HDPE/HDPE-g-MA 50%, (h) HDPE/HDPE-g-MA 65%, (i) HDPE/HDPE-g-MA 85%, and (j) HDPE-g-MA. 
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The quantitative trends mirror the qualitative TEM results discussed above. 
Average particle thickness and length decrease rapidly upon the addition of even small 
amounts of HDPE-g-MA. When the particle thickness decreases at a higher rate than the 
particle length, the aspect ratio increases. At HDPE-g-MA contents of 9% and 18% the 
length and thickness continue to decrease, but not as rapidly, indicating smaller 
improvements in exfoliation. For nanocomposites based on blends with HDPE-g-MA 
contents of ≥25%, the average particle thickness deceases gradually, due to the particle 
thickness limit of a single platelet (0.94 nm). Because the average particle length 
decreases at a greater rate than the particle thickness, the aspect ratio gradually decreases 
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Figure 3.3: Histograms of (a) particle length, (b) particle thickness, and (c) aspect ratio of 
HDPE/HDPE-g-MA 25%/M2(HT)2 nanocomposites for one population with nominally 5 














































































































Figure 3.4: The effect of HDPE-g-MA content on (a) particle length, (b) particle 
thickness, (c) number average aspect ratio and ratio of number average particle length 
and number average particle thickness, and (d) fraction of single platelets of 
HDPE/HDPE-g-MA/M2(HT)2 nanocomposites based on one filler population at a fixed 
MMT content of ~5 wt%. 
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For further insight, the fraction of single platelets (Figure 3.4(d)) was calculated 
by dividing the number of particles with a thickness of nearly 1 nm by the total number 
of particles. The fraction of single platelets increases with increasing HDPE-g-MA 
content for nanocomposites with >20% HDPE-g-MA. As the amount of single platelets 
increases, the average particle thickness decreases at a slower rate due to the thickness 
limit of a single platelet. Increased particle breakup and lower numbers of overlapping 
particles, however, continues to decrease the average particle length, resulting in a 
decreased aspect ratio. 
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Figure 3.5: The effect of HDPE-g-MA content on the two population number average 
aspect ratios accounting for tactoids and single platelets separately for HDPE/HDPE-g-
MA/M2(HT)2 nanocomposites at a fixed MMT content of ~5 wt%. 
Because partially exfoliated organoclay tactoids and fully exfoliated single 
platelets have differing reinforcement effects on the nanocomposites, these two 
populations of particles were also analyzed separately. The number average aspect ratio, 
n
tl / , is shown for both single platelets with measured thicknesses of about 1 nm and 
for the remaining tactoids in Figure 3.5 and Table 3.3. Surprisingly there is not a 
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significant difference in the trends of these two populations. The decrease in single 
platelet aspect ratio may be attributed to lower amounts of slightly overlapping particles 
that are measured as single platelets and to increased particle breakup.   
A schematic illustration of the change in particle dimensions for increased levels 
of HDPE-g-MA is shown in Figure 3.6. Initially, particle thickness decreases faster than 
particle length, increasing the aspect ratio. As the average particle thickness approaches 
the limit of the platelet thickness, the particle length decreases faster than the particle 
thickness, decreasing the aspect ratio.  
 
 
Figure 3.6: Schematic illustration of the change of effective particle length and thickness 
with increasing HDPE-g-MA content. 
The average particle lengths for all these nanocomposites are larger than those 
observed for nylon 6 nanocomposites, where exfoliation is near ideal, i.e., most of the 
particles are individual platelets [52, 53]. The larger particles seen here are likely due to 
‘‘skewing’’ of the platelets in the thicker clay bundles. However, the average particle 
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lengths do approach the values seen in nylon 6 nanocomposites when HDPE-g-MA is 
used as the matrix, indicating near maximum exfoliation.  
Ploehn and Liu accurately characterized a commonly used montmorillonite by 
depositing platelets on a mica surface from a very dilute suspension and then measuring 
the lateral dimensions by atomic force microscopy [54]. Because the lateral size or shape 
of the platelets is not uniform, the platelet area, A, was measured and its square-root was 
normalized by platelet thickness, t, to calculate an “aspect ratio”. If each platelet were 
circular with diameter D, then  
 
)/(89.0)/(4/ tDtDtA == π  (1) 
Because t is approximately 1 nm, the most probable lateral dimension is in the range of 
100–200 nm [54, 55]. The average particle lengths found in this study fall below this 
range. However, the observed lengths reflect a random cut through irregular platelets and 
particles and only rarely will the maximum dimension be seen [56, 57].  
Wide angle X-ray scattering 
WAXS is commonly used to characterize the exfoliation structure of 
nanocomposites. WAXS scans of the neat organoclay (M2(HT)2) and of the skin portion 
of nanocomposites with ~5% MMT prepared from various polymer matrices are shown 
in Figure 3.7. The d001 peak intensity decreases with increasing HDPE-g-MA content and 
disappears for nanocomposites with >50% HDPE-g-MA in the polymer matrix, 
suggesting a highly exfoliated structure. The d001 peak for HDPE-based nanocomposites 
is shifted slightly to the right of the peak for the neat organoclay. For nanocomposites 
with HDPE-g-MA compatibilizer, the peak shifts slightly to the left of the HDPE-based 
nanocomposite, but remains to the right of the peak for the neat organoclay. This shift to 
higher angle and lower d-spacing could indicate degradation of the surfactant, causing the 
clay galleries to collapse as surfactant mass is lost from within the galleries [28]. These 
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differences are so small, however, that it is difficult to attach much physical meaning to 
them [50, 51]. These results are in good agreement with the TEM analysis discussed 
above. The WAXS results give only limited information about morphology and TEM, 
though providing a clearer understanding of exfoliation levels, examines only a small 
volume and may not be representative of the nanocomposite as a whole. Therefore, bulk 
mechanical properties were measured to complement TEM and WAXS analyses [50, 51].  
5 wt% MMT
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Figure 3.7: WAXS scans of pristine organoclay, M2(HT)2, and nanocomposites 
containing ~5 wt% MMT formed from HDPE/HDPE-g-MA copolymers with various 
HDPE-g-MA contents. The curves are vertically offset for clarity. 
Mechanical properties 
Of the various mechanical properties, modulus provides the best indicator of 
organoclay exfoliation [38]. Modulus data are shown in Table 3.4 for nanocomposites 
with MMT contents of ~5 wt%. Figure 3.8(a) shows the effect of MMT concentration on 
the tensile modulus of HDPE nanocomposites with various amounts of HDPE-g-MA. As 
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expected, increasing MMT content results in significant improvements in modulus. 
Because the moduli of the neat HDPE based polymers (Em) vary with HDPE-g-MA 
content, examining the relative moduli (E/Em) allows more useful comparisons. Relative 
modulus as a function of MMT concentration in nanocomposites with various amounts of 
HDPE-g-MA is shown in Figure 3.8(b). At high MMT contents, the improvement in 
modulus increases rapidly with the addition of small amounts of HDPE-g-MA. At higher 
HDPE-g-MA levels, i.e., ≥5%, the increase caused by the HDPE-g-MA seems to be 
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Figure 3.8: Modulus (a) and relative modulus ((b) and (c)) as a function of MMT content 
for HDPE based nanocomposites with varying levels of HDPE-g-MA. 
To better understand this, the relative modulus is plotted versus the ratio of the 
mass of HDPE-g-MA to the mass of the organoclay for various MMT loadings in Figure 
3.9(a). The relative modulus is increased significantly for nanocomposites with a HDPE-
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g-MA/organoclay ratio of about 0.5. Increasing the ratio to 2, however, results in little 
further change. Kim et al. found a similar trend for PP/PP-g-MA/organoclay 
nanocomposites [51]. Further increasing the amount of HDPE-g-MA in the 
nanocomposites increases the modulus, but at a much lower rate, as shown in Figure 
3.9(b). Figure 3.10 shows the relative moduli for nanocomposites with ~5 wt% MMT 
plotted against the aspect ratios, ( )nn tl / , obtained from TEM images. In general, the 
relative modulus increases as the aspect ratio increases. The nanocomposites with >50% 
HDPE-g-MA in the matrix, however, show a slight increase in relative modulus and a 
small decrease in aspect ratio. This result might be explained by the decreased modulus 
of the matrix, allowing for higher improvements in relative modulus [21, 24, 45, 53, 58].  
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Figure 3.9: Relative modulus for HDPE based nanocomposites with various MMT 
loadings versus the ratio of HDPE-g-MA to organoclay (a) and the percent of HDPE-g-
MA in the polymer matrix (b). 
Aspect Ratio (ln/tn)




















Figure 3.10: Relative modulus versus the ratio of the single population number average 
particle length and number average particle thickness of HDPE/HDPE-g-MA/M2(HT)2 
nanocomposites at a fixed MMT content of ~5 wt%. 
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The yield strength increases upon addition of MMT, as shown in Figure 3.11(a). 
Also, the addition of small amounts of HDPE-g-MA to the polymer matrix results in 
relatively large increases in yield strength. With HDPE-g-MA levels over ~15-25%, the 
yield strength levels off and then declines. Thus, the decreased yield strength of the 
matrix offsets, in part, the benefits associated with improved organoclay exfoliation.  
Elongation at break data are presented in Figure 3.11(b). Nanocomposites with 
low MMT levels (<3 wt%) were too ductile to determine the breaking point using the 
available equipment. The elongation at break decreases with the addition of MMT and 
increasing the amount of HDPE-g-MA accelerates this decrease. Thus, enhanced 
exfoliation leads to less ductile nanocomposites.  
Fracture toughness measured by the Izod impact strength is an important property 
for some applications. Polymer nanocomposites based on polyolefins have been reported 
to have different impact values for the gate end and far end of injection-molded Izod bars 
[13, 30, 59]. As with the bars of neat polymer, the fracture energy decreases for the 
nanocomposites from the gate end to the middle and from the middle to the far end 
(Figure 3.12). This could be the result of differences in the molecular orientation, crystal 
orientation, and percent crystallinity as discussed above. Similarly, differences in 
organoclay platelet orientation may contribute. As shown in Figure 3.12, impact strength 
generally decreases as MMT content increases regardless of the portion of the bar tested. 
Addition of small amounts of MMT (1.5%) results in a large decrease in impact strength 
relative to that of the matrix polymer. As the MMT content is increased from 1.5 wt% to 
7 wt%, the impact strength decreases gradually for nanocomposites with low HDPE-g-
MA content (<~25%). Nanocomposites with higher HDPE-g-MA content (Figure 3.12(c) 
and (d)), show a slight minimum in impact strength (~3 wt%) measured at the middle and 
the gate end.  
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The Izod impact strength of nanocomposites with various clay loadings is plotted 
in Figure 3.13(a) versus the ratio of HDPE-g-MA to organoclay. The maximum fracture 
energy occurs for a HDPE-g-MA/organoclay ratio between 0.5 and 1. The fracture 
energy recorded in an impact test reflects the integration of the resisting force of the 
sample over the range of the sample deflection. Raising the HDPE-g-MA/organoclay 
ratio improves the exfoliation, increasing the forces due to the high modulus and yield 
strength but decreasing the ductility. Although high levels of exfoliation tend to decrease 
the impact energy [34, 39, 60-62], in some cases the increase of force outweighs the 
decrease in ductility [28, 63-65]. In this work, it appears that the initial addition of 
HDPE-g-MA improves the clay exfoliation and, hence, the modulus, to a greater extent 
than it decreases the ductility. Further increasing the HDPE-g-MA/organoclay ratio, 
however, lowers the impact strength below the pure HDPE level. As shown in Figure 





























































Figure 3.11: Yield strength (a) and elongation at break (b) for nanocomposites based on 
HDPE/HDPE-g-MA with various MMT loadings versus the percent of HDPE-g-MA in 





























































































































Figure 3.12: Izod impact strength as tested at the gate end, middle, and far end for 
nanocomposites based on HDPE/HDPE-g-MA with 0% (a), 5% (b), 25% (c), and 100% 
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Figure 3.13: Izod impact strength measured at the far end for nanocomposites based on 
HDPE/HDPE-g-MA with various MMT loadings versus the ratio of HDPE-g-MA to 
organoclay (a) and the percent of HDPE-g-MA in the polymer matrix (b). 
COMPOSITE MODEL PREDICTIONS OF MODULUS  
Theoretical modeling is an attractive approach for the design of polymer 
composite systems, and numerous models [58, 66-68] have been proposed for predicting 
the properties of composites and for correlating experimental data with such predictions. 
Previous papers [21, 24, 30, 42, 52, 53] have demonstrated such models can be useful for 
composites with nanosized fillers. However, numerous assumptions are made when using 
such models. For example, it is assumed that the polymer matrix is not affected by the 
presence of the filler, that the filler is of uniform dimensions and is perfectly aligned, that 
the matrix and filler are isotropic, that the matrix and filler are well bonded, and that there 
are no particle—particle interactions or agglomerations [53]. Both the Halpin–Tsai 
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equations and the Mori–Tanaka theory are used in this paper to explore the relationship 
between particle aspect ratio and experimental modulus.  
The Halpin-Tsai equations can be used to predict the tensile modulus of 
nanocomposites from the neat component properties and the particle aspect ratios as 
determined by quantitative particle analysis of TEM images. The expression for the 













E  (2) 
where Ep and Em are the modulus values of the filler particle and matrix polymer, 
respectively, φ  is the volume fraction of the filler particles, )/( tl  represents the filler 










=η  (3) 
The Mori-Tanaka average stress theory [70] is based on the principles of Eshelby’s 
inclusion model for predicting an elastic stress field in and around an ellipsoidal particle 
in an infinite matrix [71]. To account for finite filler concentrations, however, Mori and 
Tanaka [70], considered a non-dilute composite of many identical ellipsoidal particles 
that cause the matrix to experience an average stress different from the applied stress. 
The volume average stress over the entire composite was forced to equal the applied 
stress to satisfy equilibrium conditions. Tandon and Weng [72] used this assumption 
together with Eshelby’s solution to derive complete analytical solutions for the elastic 
moduli of an isotropic matrix filled with aligned ellipsoidal inclusions. For a composite 
with disk-shaped inclusions, the relative modulus parallel to either major axis of the disk-
















where φ  is the volume fraction of filler, νm is Poisson’s ratio of the matrix, and A, A3, 
A4, A5, are functions of Eshelby’s tensor and the properties of the filler and the matrix, 
specifically Young’s modulus, Poisson’s ratio, filler concentration, and filler aspect ratio; 
complete details of these equations are given elsewhere [72]. The Poisson’s ratios of the 
matrix, νm, and of the organoclay, νp, are assumed to be 0.35 and 0.20 respectively [53, 
73, 74].  
In comparing the results of the Halpin-Tsai equations and the Mori-Tanaka 
theory, there are important differences between the two theories to bear in mind. The 
Mori–Tanaka theory treats disks as ellipsoidal particles, while the Halpin–Tsai equations 
treat disks as rectangular platelets. Because the length and, therefore, the aspect ratio are 
not constant across a particle, the Halpin–Tsai equations assume a larger particle size 
than the Mori-Tanaka theory. Additionally, the Halpin–Tsai equations are independent of 
Poisson’s ratio of the filler and the matrix [53].  
In the model calculations, there are generally two ways of treating the filler 
particles. One is to assume good exfoliation (method 1) and treat the MMT platelets 
themselves as the reinforcing filler particles. In this case, Ep = EMMT = 178 GPa [53] 
and pφ  = MMTφ  = 0.0175 at 5 wt % MMT. 
Another way is to consider the partially exfoliated clay particles as parallel 
arrangements of MMT platelets and gallery material as described in previous reports [21, 
24, 51, 53, 69, 75] (method 2). The tensile modulus of such an effective particle is often 
assumed to be given by the following rule of mixtures 
 gallerygalleryMMTMMTp vv EEE +=  (5) 
where vMMT and vgallery are the volume fraction of montmorillonite and of the gallery 
space in the effective particle, while EMMT and Egallery are their corresponding moduli. The 
volume fraction of MMT platelets in the particle, vMMT, is calculated as the ratio of the 
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thickness of an individual platelet and the d-spacing of the nanocomposite as determined 






=  (6) 
Considering that the modulus of the organic material in the gallery is significantly 
smaller than the modulus of the MMT platelets, Eq. (3) reduces to 
 MMTMMTp v EE =  (7) 




p vMMT of volume
particlefiller  of volume
itenanocompos of volume
MMT of volume φφ ==  (8) 
Thus, the d001 values determined by WAXS are needed for predictions using 
method 2. It is easy to determine the d-spacing from WAXS scans of nanocomposites 
based on matrices with ≤ 25% HDPE-g-MA; however, at higher levels of HDPE-g-MA, 
no distinctive peaks are found in the WAXS scans. Thus, in order to apply the partially 
exfoliated particle assumption to nanocomposites with ≥ 50% HDPE-g-MA, the d-
spacing is assumed to be equal to that of the 25% HDPE-g-MA nanocomposite.  
The aspect ratios calculated from ~5 wt% samples are applied in the models for 
all clay loadings. For simplicity, the 
n
tl /  aspect ratio is used in all predictions shown. 
Different aspect ratios give similar, though different, results.  
Because TEM and subsequent image analysis reveal that nanocomposites with 
HDPE-g-MA matrices are almost completely exfoliated, method 1 can be used for the 
model predictions. Figure 3.14(a) compares the predictions for relative modulus as a 
function of MMT loading obtained from both the Halpin-Tsai and Mori-Tanaka methods 
with experimental data. The Mori-Tanaka method describes the data well while the 
Halpin-Tsai method gives significantly higher results. It appears that the Mori-Tanaka 
method is more applicable in this system.  
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Method 2 is used for nanocomposites with HDPE matrices because they are not 
well exfoliated. Figure 3.14(b) shows Halpin-Tsai and Mori-Tanaka predictions with 
experimental data for nanocomposites with a HDPE matrix. Both methods substantially 
overestimate the experimental relative modulus. One explanation could be that the 
particle modulus (Ep) is overestimated by Eq. 7. Because the Mori-Tanaka theory 
predicts both the exfoliated and the non-exfoliated cases better, it was selected to be the 
base method for the remaining predictions. If the value of Ep used in method 2 is 
arbitrarily reduced from 74.7 GPa, as estimated from Eq. 7, to 13.5 GPa, a much better fit 
of the experimental points is attained, as shown in Figure 3.14(b). The lower apparent 
modulus for the tactoids suggests that Eq. 7 grossly overestimates the stress transfer 




















































































Figure 3.14: Comparison of experimental relative modulus with predictions by the one 
population model using Halpin-Tsai equations and Mori-Tanaka theory for HDPE-g-MA 
based (a) and HDPE based (b) nanocomposites versus MMT content. 
Nanocomposites with ≥25% HDPE-g-MA consist of both organoclay tactoids and 
dispersed single platelets. As shown, these distinct particles have different effects on the 
mechanical properties of the nanocomposite and separate methods are needed to predict 
their properties. When both particle types exist in a single nanocomposite, they should be 
considered separately in a two population model to more accurately predict the 
experimental modulus. Thus, the aspect ratios for single platelets and the aspect ratios of 
the remaining tactoids are both employed in the model. The volume fractions of filler in 
tactoids ( Tφ ) and in single platelets ( spφ ) can be estimated by multiplying the fraction of 




































MMTsp φφ  (10)
where the subscripts T and sp indicate the parameters for the tactoids and the single 
platelets respectively and vMMT is the volume fraction of MMT in the effective particle, 
as calculated in Eq. 6. Figure 3.15 shows the filler volume fractions versus the HDPE-g-
MA content of the matrix. Clearly, the volume fraction of tactoids, Tφ , decreases while 
the volume fraction of single platelets, spφ , increases with increased levels of HDPE-g-
MA, reflecting improved exfoliation.  
The contributions to the relative modulus of the tactoids and the single platelets 


































The particle moduli used for the tactoids and single platelets are 13.5 GPa and 178 GPa 
respectively, as suggested above. The Poisson’s ratio for both tactoids and single platelets 
is assumed to be 0.20. Although the Poisson’s ratio of the tactoids is likely somewhat 
higher than that of the single platelets, the model is insensitive to Poisson’s ratio of both 
the matrix and the filler within the range of 0.20 and 0.40. The total relative modulus of 
the nanocomposite is calculated by adding the tactoid and single platelet contributions 















E spT  (13)
The parameters used in the two population Mori-Tanaka model for nanocomposites 



























Figure 3.15: Filler volume fractions for tactoids and single platelets used in the two 
population Mori-Tanaka model for HDPE/HDPE-g-MA/M2(HT)2 nanocomposites at a 
fixed MMT content of ~5 wt% versus the percent of HDPE-g-MA in the polymer matrix. 
Figure 3.16(a) and (b) show the resulting predictions by the two population Mori-
Tanaka model and the experimental points for nanocomposites with 25% and 50% 
HDPE-g-MA respectively. The predictions fit the data well in both cases, indicating that 
such a two particle population model appears to be most appropriate for this system. That 
is, treating tactoids and single platelets separately rather than averaging them together 
proves to be a more accurate way to model these nanocomposite properties.  
To see how well this model works over the entire range of composition of 
HDPE/HDPE-g-MA blends, the two population Mori-Tanaka predictions and 
experimental data for nanocomposites of 5 wt% MMT are shown in Figure 3.17. The 
model predictions reasonably fit the experimental data over the entire range of 
composition. The discrepancies are possibly due to the incomplete orientation of the clay 
platelets and inadequate parameter estimations for the volume fraction and modulus of 
the effective particles [30, 51]. 
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a For 5 wt% MMT. 
b Assumed to be assumed to be equal to that of the 25% HDPE-g-MA nanocomposite. 
 
Table 3.4: Modulus results for nanocomposites with ~5 wt% MMT 







































































Em = 0.98 GPa
νm = 0.35
νp = 0.20
ET = 13.5 GPa
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Figure 3.16: Comparison of experimental relative modulus with the predictions by the 
two population Mori-Tanaka model accounting for tactoids and single platelets separately 
for HDPE based nanocomposites with 25% (a) and 50% (b) HDPE-g-MA in the polymer 
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Figure 3.17: Comparison of experimental relative modulus with the predictions by the 
two population Mori-Tanaka model accounting for tactoids and single platelets separately 
for HDPE/HDPE-g-MA/M2(HT)2 nanocomposites at a fixed MMT content of ~5 wt% 
versus the percent of HDPE-g-MA in the polymer matrix. 
CONCLUSIONS 
Nanocomposites formed from blends of HDPE and HDPE-g-MA and M2(HT)2 
organoclay were melt processed to explore the extent of exfoliation and the mechanical 
properties over the entire range of matrix composition. WAXS and TEM coupled with 
detailed particle analysis were used to determine the effect of HDPE-g-MA content on 
exfoliation. TEM images show drastic improvements in exfoliation with initial amounts 
of HDPE-g-MA while further addition of HDPE-g-MA gives little visible change. 
Particle analysis, however, shows that the fraction of single platelets increases at a steady 
rate for nanocomposites with HDPE-g-MA contents ≥25%. As the HDPE-g-MA content 
increases, particle aspect ratio initially increases drastically, reaches a maximum, and 
slightly decreases, due to the particle thickness limit of a single platelet (0.94 nm).  
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Similarly, the relative modulus initially improves significantly with increased 
levels of HDPE-g-MA, while greater HDPE-g-MA content only gives a slight increase. 
The slight increase in relative modulus in spite of a slight decrease in aspect ratio might 
be due to the decreased modulus of the matrix, facilitating improvements in relative 
modulus. Modulus increases and Izod impact strength decreases as MMT levels increase, 
for all HDPE-g-MA levels. Fracture energy reaches a maximum at low HDPE-g-MA 
levels, decreases below the value for the pure HDPE nanocomposite, and levels off at 
higher HDPE-g-MA content. Initially, adding HDPE-g-MA to the matrix results in 
significantly improved exfoliation and properties. Further addition of HDPE-g-MA, 
however, lowers the matrix properties enough to offset the benefits of enhanced 
matrix/organoclay interactions.  
Because of the different reinforcement effects of partially exfoliated organoclay 
tactoids and single platelets, particle analysis was also performed on these two 
populations separately. A composite model based on the Mori-Tanaka theory was 
developed to treat organoclay tactoids and single platelets as two separate types of fillers. 
This two population Mori-Tanaka model gives rather good quantitative agreement 
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Chapter 4: Morphology and properties of polypropylene 
nanocomposites based on a silanized organoclay  
Polymer nanocomposites based on organoclays can potentially lead to substantial 
enhancement in mechanical [1-3], barrier [4-6], thermal [7, 8], and flammability [9-11] 
properties at very low filler concentrations while maintaining similar density and optical 
properties, making them attractive replacements for conventional composites. Melt 
mixing or compounding of polymer nanocomposites offers efficient exfoliation without 
the higher costs, complications, and environmental effects associated with in situ 
polymerization or solution blending. To obtain a well-exfoliated nanocomposite, with 
greatest property improvements, the individual organoclay platelets must interact 
favorably with the polymer matrix.  
The structure of the ammonium surfactants used to modify montmorillonite 
(MMT) clay can be chosen to increase the affinity between the hydrophilic 
aluminosilicate clay and the organophilic polymer matrix. In our previous studies, nylon 
6-based nanocomposites showed the best exfoliation with organoclays formed from a 
surfactant with only one long alkyl tail, allowing the polar polyamide more access to the 
silicate surface of the clay [1, 12, 13]. Non-polar polyolefin-based nanocomposites, such 
as polypropylene or polyethylene, have better clay dispersion when organoclays modified 
by a surfactant with two or more long alkyl tails are used, providing increased alkyl-
polyolefin interactions and decreased silicate-polyolefin interaction [3, 14-16]. However, 
these organoclays are still poorly exfoliated in polyolefin nanocomposites.  
Nanocomposites formed from polyolefin matrices are often modified with a polar 
compatibilizer to improve exfoliation and enhance properties. The grafting of maleic 
anhydride to the polyolefin backbone significantly increases the polarity, and the addition 
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of such materials to polypropylene [3, 17-24] or polyethylene [14, 25-34] can 
significantly improve organoclay exfoliation. Other approaches include the incorporation 
of polar comonomers like vinyl acetate [26, 35, 36], methacrylic acid [37-40], or  
methacrylic acid ionomers [16, 41-43].  
Maleated polypropylene, PP-g-MA, is typically used in relatively low quantities, 
comparable to the mass of organoclay, to form polypropylene-based nanocomposites and 
is thought of as a “compatibilizer” [19-24]. The addition of PP-g-MA lowers the neat 
matrix properties such as the tensile modulus due to its decreased molecular weight and 
its maleated groups that disrupt the crystallinity of the matrix [44-46]. Higher 
performance nanocomposites could be achieved if exfoliated nanocomposites could be 
made without the addition of PP-g-MA. In addition, eliminating the use of PP-g-MA 
would be advantageous commercially due to the substantially higher cost of PP-g-MA 
compared to unmodified PP. More extensive utilization of PP-based nanocomposites 
would be possible if an organoclay with improved intrinsic thermodynamic affinity with 
unmodified polyolefins were available. 
Although the exfoliation of the organoclay in the polymer matrix is desired when 
melt-processing a nanocomposite, organoclay agglomerates often form during the 
process. Agglomeration leads to inefficient use of the organoclay and negatively affects 
downstream applications of the nanocomposite: surface pitting in injection molded parts, 
resin build up around the agglomerates giving the appearance of gels or unmelts in films, 
and plugging of the filter pot and breaking of the fiber strand in fibers. Thus, it is also of 
interest to find an organoclay that minimizes organoclay agglomeration.  
Silane coupling agents are commonly used in glass fiber composites to improve 
the binding of polymer matrix to the glass fibers. The coupling agent, an 
organofunctional alkoxysilane, is hydrolyzed to form reactive silanol groups which can 
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condense with the silanol groups on the glass surface. The organic portion of the coupling 
agent bonds with the polymer. 
Montmorillonite (MMT) platelets consist of one Al-octahedral sheet sandwiched 
between two Si-tetrahedral sheets. Si-OH groups are accessible on the edges of the MMT 
platelets [47-49] and at the structural defects on the platelet faces [50, 51]. The purpose 
of this chapter is to explore the possibility of using a silanized organoclay that might 
better exfoliate into PP than currently available organoclays without using a 
compatibilizer such as PP-g-MA. 
This chapter explores the extent of organoclay exfoliation and the mechanical 
properties of melt compounded nanocomposites using a silanized organoclay (s-
M2(HT)2) and the non-silanized precursor (M2(HT)2) with matrices of PP and PP/PP-g-
MA blends. The extent of agglomeration of s-M2(HT)2 and M2(HT)2 is also examined in 
this chapter using different extruders and screw configurations.  
EXPERIMENTAL 
Materials  
The matrix materials used were polypropylene, PP, (Pro-Fax® PH020, 
LyondellBasell) and the maleic anhydride-grafted polypropylene, PP-g-MA, (Polybond® 
3200, Chemtura). It is expected that the PP and the PP-g-MA used are miscible with each 
other based on prior work with related polyolefins [52, 53]. The organoclay designated as 
M2(HT)2, donated by Southern Clay Products, was prepared by a cation exchange 
reaction between sodium montmorillonite (Na+ MMT) and a two-tailed quaternary 
ammonium surfactant, dimethyl bis(hydrogenated-tallow) ammonium chloride (Arquad 
2HT-75). Some frequently used abbreviations are employed here to represent the 
substituents on the ammonium cation, e.g., M for methyl and HT represents long alkyl 
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chains from hydrogenated tallow [1, 16, 54]. This organoclay was selected based upon 
recent studies showing improved organoclay exfoliation in polyethylene using surfactants 
with two tails on the ammonium ion instead of one tail [14, 16, 35, 38]. The polymers 
employed have better affinity for the largely aliphatic organic modifier than for the 
unmodified clay surface. The larger area of the clay surface covered by two tails 
increases the favorable surfactant-polymer interaction and decreases the unfavorable 
polymer-clay interaction.  
An experimental silanized organoclay designated as s-M2(HT)2, donated by 
Southern Clay Products, was prepared by silanizing M2(HT)2 with 6% trimethoxyphenyl 
silane based on the weight of the MMT. Calculations indicate that this amount of silane is 
more than sufficient to react with all the Si-OH groups that might be exposed on the 
platelet edge surfaces. Tables 2.1 and 2.2 in Chapter 2 provide further details on the 
materials used in this study. 
Melt processing 
The organoclay and the PP-g-MA were dried for a minimum of 24 h in a vacuum 
oven at 80 °C, prior to melt processing. Nanocomposites were melt compounded in a 
Haake co-rotating, intermeshing twin screw extruder (diameter = 30 mm, L/D = 10) using 
a barrel temperature of 170 - 190 °C, a screw speed of 280 rpm , and a feed rate of 
1 kg/h. The PP, the PP-g-MA, and the organoclay were hand-mixed prior to extrusion 
and introduced into the extruder by a single hopper. The ratio of the mass of PP-g-MA to 
the mass of the organoclay was fixed at 1 because Kim et al. previously reported this 
ratio to be an optimum for PP/PP-g-MA/organoclay nanocomposites [15]. Additional 
nanocomposite samples were melt compounded in a Coperion ZSK 25 (diameter = 25 
mm, L/D = 48) extruder for comparative agglomeration testing described below. 
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Tensile specimens (ASTM D638, Type I) and Izod bars (ASTM D256) were 
prepared by an Arburg Allrounder 305-210-700 injection-molding machine using a barrel 
temperature of 185 °C (feed) to 220 °C (die), an injection pressure of 35 bar, and a 
holding pressure of 35 bar. After molding, the samples were immediately sealed in a 
polyethylene bag and placed in a vacuum desiccator for a minimum of 24 h prior to 
testing.  
The montmorillonite content of the nanocomposite was determined by placing 
pre-dried nanocomposite pellets in a furnace at 900 °C for 45 min and weighing the 
remaining MMT ash, correcting for loss of structural water [13, 55-57]. 
Characterization  
Morphology was examined via a FEI TECNAI G2 F20 X-TWIN TEM operating 
under an accelerating voltage of 200 kV. Ultra-thin sections (~50 nm) for morphological 
analysis were taken from the core portion of an injection molded bar in the plane defined 
by the flow direction (FD) and the normal direction (ND) using an RMC PowerTome XL 
microtome [58]. The nanocomposite samples and the diamond knife were cooled to 
between -65 °C and -58 °C, respectively, using liquid nitrogen. Cut sections were 
collected onto 400 mesh grids and dried with filter paper. 
Wide angle X-ray scattering (WAXS) scans were performed using a Bruker-AXS 
D8 Advance diffractometer in the reflection mode, using an incident X-ray wavelength of 
0.1541 nm at a scan rate of 3.0°/min over the range of 2θ = 1° to 12°. The major face of 
the rectangular nanocomposite bars and the organoclay powder were scanned [59]. 
The extent of agglomeration was examined by performing light microscopy on an 
Olympus BX51 Cross Polarized Optical Microscope with a 10X lens in the transmission, 
brightfield mode with a polarizing filter between the light source and the sample and 
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another polarizing filter set at 90º to the first filter located between the sample and the 
camera. Images were collected on an Olympus DP72 Microscope Digital Camera. 
Samples were prepared by compression molding thin films (~40μm) at 180 °C between 
two sheets of Mylar for a total of 4.5 minutes (including a 2.5 minute preheat/melting 
time) in a manual Carver press and quenching the hot films in an ice bath.  The films 
were mounted between a 25 by 75 mm slide and a 22 mm cover slide with low viscosity 
mineral oil on both sides of the specimen. The number and size of the particles were 
determined using D. E Details, Build 1275, Version 5.1 by Olympus. The micrograph 
pictures were optimized as needed to a black background appearance. The sensitivity was 
adjusted to measure a minimum particle diameter of 3.68 μm. 
Melt rheological characteristics of the PP-based nanocomposites were determined 
using an AR 2000ex Rheometer using a parallel plate fixture. All the rheological 
measurements were carried out at a fixed temperature of 180 °C under a nitrogen gas 
flow. Strain sweep tests were carried out for each sample to ensure that the strain used is 
within the linear viscoelastic range. Frequency sweep tests were made over a range of 
0.1–200 rad/s at strains of 0.5–2%, which was within the linear region for each sample. 
Specimens for rheological testing were taken from the far end of injection molded 
samples and trimmed after heating on the rheometer plate to a disk with a diameter of 
25 mm and a thickness of 1 mm. 
Tensile tests were performed according to ASTM D638 using an Instron model 
1137 machine upgraded for computerized data acquisition. Tensile modulus values were 
determined using an extensometer at a crosshead rate of 0.51 cm/min and averaged from 
at least five specimens. Elongation at break and yield strength data were taken at 0.51 
cm/min and averaged from at least four specimens. Elongations greater than 400% could 
not be measured due to the limitations of crosshead travel.  
 83
Notched Izod impact tests were conducted at room temperature with a 6.8 J 
hammer at an impact velocity of 3.5 m/s using a TMI Impact tester (model 43-02). 
Standard notches were made according to ASTM D256. As-molded rectangular bars were 
cut in half (to generate more samples), and the Izod impact strength data from the gate 
end (the end at which the molten polymer enters the mold during injection molding) and 
the far end were averaged together because the difference between the two is relatively 
small. The reported values were averaged from at least ten specimens. 
Thermal expansion tests were conducted according to ASTM D696 using a 
Perkin–Elmer thermomechanical analyzer (TMA 7). Rectangular specimens were 
prepared from the central region of Izod bars. The dimensions of the specimens were 
approximately as follows: thickness = 3.2 mm, width = 6.4 mm, and height = 12.7 mm. 
Thermal expansion measurements were made in the flow direction (FD). Each specimen 
was held at −40 °C for 5 min, heated at a rate of 5 °C/min to 125 °C and subsequently 
held for 30 min, and then quenched to room temperature. In order to assess both 
reversible and non-reversible effects, each specimen was stored at room temperature for 
at least 24 h after the first heating and then rescanned from −40 °C to 125 °C at a rate of 
5 °C/min. All measurements were done in a nitrogen atmosphere. 
Particle analysis 
Particle analyses were performed on TEM micrographs at magnifications of 3.6K 
to 13.5K, depending on the extent of exfoliation in the sample. Because of low contrast, 
TEM images were converted into .jpg format and opened in GIMP (GNU Image 
Manipulation Program). Two tracings in separate, transparent layers were made of 
particle length and thickness. For nanocomposites with single platelets, the thickness of 
these platelets could not be accurately measured and was set to 0.94 nm corresponding to 
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the known result for MMT platelets [35, 60]. Each tracing was saved separately in .tif 
format and imported into the image analysis program, SigmaScan Pro, where each 
particle tracing was assigned a number and their characteristic dimensions were 
measured. Because the numbers assigned in the tracing of the length and the tracing of 
the thickness of the particles do not correspond, the particle dimensions must be matched 
manually. In this work, four different kinds of aspect ratios are calculated, i.e., the 
number and weight averages of the aspect ratios calculated for individual particles, 
n
tl /  and 
w
tl / , and ratios of the number and weight averages of particle lengths and 
thicknesses, ( )nn tl /  and ( )ww tl / . To ensure statistical validity of the analysis, 200~400 
particles were counted to measure the length, thickness, and aspect ratio. The results are 
summarized in Table 4.1.  
RESULTS AND DISCUSSION 
Morphology 
Transmission electron microscopy 
TEM observations allow for a visual, qualitative assessment of the degree of 
organoclay exfoliation in polymer nanocomposites. Figure 4.1 shows representative TEM 
micrographs for nanocomposites with s-M2(HT)2 and M2(HT)2 in PP and PP/PP-g-MA 
(mass PP-g-MA/mass organoclay = 1) matrices having a nominal MMT content of 3 
wt%. For the PP/M2(HT)2 nanocomposites (Figure 4.1(a)), large tactoids are seen, 
indicating poor clay dispersion. The PP/s-M2(HT)2 nanocomposites (Figure 4.1(b)) have 
a decreased tactoid size and an increased density of tactoids per unit area of the 2-D 
image. Nanocomposites with either organoclay in a PP/PP-g-MA matrix (Figure 4.1(c) 
and (d)) have improved exfoliation as demonstrated by the significant decrease in the size 
of the clay tactoids and the appearance of single platelets.  
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(c)      (d) 
PP/PP-g-MA/M2(HT)2
  
Figure 4.1: TEM photomicrographs of nanocomposites with ~3 wt% MMT: (a) 
PP/M2(HT)2, (b) PP/s-M2(HT)2, (c) PP/PP-g-MA/M2(HT)2, (d) PP/PP-g-MA/s-M2(HT)2. 
The enhanced exfoliation of the s-M2(HT)2 in PP indicates improved interactions 
between the polymer and the silanized organoclay. There is little difference, however, 
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between the level of exfoliation for the two organoclays when PP-g-MA is used as a 
compatibilizer.  
Particle analysis 
Particle analysis is used to quantify the extent of exfoliation shown in the TEM 
images. The statistical results and the MMT concentration of each nanocomposite as 
determined by incineration are shown in Table 2 for nanocomposites containing ~3 wt% 
MMT based on PP and PP/PP-g-MA (ratio of PP-g-MA to organoclay = 1) and M2(HT)2  
and s-M2(HT)2. The aspect ratios obtained by averaging the values of each particle, 
n
tl /  and 
w
tl / ,  are always larger than those calculated from the ratio of the 
corresponding average values of length and thickness, ( )nn tl /  and ( )ww tl / . The ratio of 
number average particle length and thickness, ( )nn tl / , is always larger than the ratio of 
weight average particle length and thickness, ( )ww tl /  while the weight average aspect 
ratio obtained by averaging values of each particle, 
w
tl / , is always larger than the 
corresponding number average ratio, 
n
tl / . These trends are in a good agreement with 
previous reports [15, 35, 61, 62]. 
The quantitative trends mirror the qualitative TEM results discussed above. 
Average particle thickness and length decrease with the addition of PP-g-MA, and the 
aspect ratio increases because the particle thickness decreases at a higher rate than the 
particle length. The PP/s-M2(HT)2 nanocomposites have lower particle thicknesses and 
lengths than the PP/M2(HT)2 nanocomposites, but the aspect ratio remains the same. The 
particle density, another measure of exfoliation, is higher for the PP/s-M2(HT)2 
nanocomposites than for the PP/M2(HT)2 nanocomposites. The particle densities of the 
PP-g-MA compatibilized nanocomposites are significantly higher than the particle 
densities of the PP-based nanocomposites. 
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Table 4.1: Results of nanocomposite particle analysis 










































































































Wide angle X-ray scattering 
WAXS is commonly used to characterize the structure of nanocomposites. 
WAXS scans of the neat M2(HT)2 and s-M2(HT)2 organoclays and of the skin portion of 
nanocomposites with ~5% MMT prepared from PP and PP/PP-g-MA (mass PP-g-
MA/mass organoclay = 1) matrices are shown in Figure 4.2. The d001 peaks of the 
organoclays are not significantly different, indicating that most of the silanization 
occurred on the platelet edges [47-49] or on the external surface of the clay [50] rather 
than on the interlayer surfaces [51], as might be expected.  
5 wt% MMT
2θ (degrees)



















Figure 4.2: WAXS scans of pristine M2(HT)2 and s-M2(HT)2 organoclays and 
nanocomposites containing ~3 and ~5 wt% MMT formed from PP and PP/PP-g-MA. The 
curves are vertically offset for clarity. 
 89
The scans for the neat organoclays show a single basal reflection due to the 
random orientation of the organoclay platelets in the powder, while scans of the 
nanocomposites show higher order reflections, indicating a high degree of platelet 
orientation [43, 63]. The intensity of the s-M2(HT)2 organoclay nanocomposites is higher 
than that of the M2(HT)2 organoclay nanocomposites, likely due to the higher alignment 
of the tactoids in the flow direction or to the higher alignment of the particles within the 
tactoids.  
The d001 peaks of the nanocomposites are shifted slightly to the right of the neat 
organoclay peaks. This shift to higher angle and lower d-spacing could indicate 
degradation of the surfactant, causing the clay galleries to collapse as surfactant mass is 
lost from within the galleries [16]. These differences are so small, however, that it is 
difficult to attach much physical meaning to them [15, 61]. The WAXS results give only 
limited information about the morphology and TEM, though providing a clearer 
understanding of exfoliation levels, examines only a small volume and may not be 
representative of the nanocomposite as a whole. Therefore, rheological, mechanical, and 
thermal expansion properties were measured to complement TEM and WAXS analyses 
[15, 61].  
Agglomeration 
Although TEM and WAXS assess the submicron morphology, larger 
agglomerates often exist to varying extents in nanocomposites. Clay agglomerates have 
greatly reduced surface areas and aspect ratios, decreasing the potential benefits of clay 
addition. In addition, Fasulo et al. [64] reported surface imperfections in injection molded 
parts caused by agglomeration.  
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The degree of clay agglomeration can be examined by optical microscopy of thin 
films.  Although some agglomerates are crushed by compression molding the ~40 μm-
thick films, agglomerate fragments are still distinguishable. Films were made from 
nanocomposites melt compounded in the Haake extruder and the ZSK extruder. 
Differences in the extruders are explained in more detail previously by Yoon et al. [65]. 
Various screw configurations were tested to gain a better understanding of how they 
affect the agglomeration level. Diagrams of the screw configurations tested and the 
particle count results are contained in Appendix D.  
Optical micrographs of films of PP nanocomposites with ~3 wt% MMT of both s-
M2(HT)2 and M2(HT)2 made using the Haake extruder (Figure 4.3) and using the ZSK 
extruder using a low shear configuration (Figure 4.4) are shown. Additional micrographs 
are contained in Appendix D. Nanocomposites with s-M2(HT)2 have less agglomeration 
than M2(HT)2 nanocomposites regardless of the extruder used.  
Experiments were performed on the ZSK extruder, primarily with PP/M2(HT)2, 
with different screw configurations to determine which factors influence the amount of 
agglomeration. Runs were conducted with and without turbine mixing elements (TME) in 
the screw configuration. Samples processed on the ZSK extruder with TME had higher 
average particle counts (228) than those with out TME (43), demonstrating that TME in 
the screw configuration increase the agglomeration. The average particle counts without 
TME for upstream runs (54) and downstream runs (33) indicate that downstream clay 
feeding generally leads to less agglomeration than upstream clay feeding. The effect of 
shear can be assessed by comparing the particle counts of PP/ M2(HT)2 composites at low 
shear (89), medium shear (28), and high shear (11) fed to the extruder downstream, 
indicating that increasing the shear leads to less agglomeration when no TME are used.  
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The nanocomposites produced by the Haake extruder generally have fewer 
agglomerates than those formed on the ZSK extruder; an unexpected result because the 
only feed port is at the throat of the extruder. Although the Haake extruder has upstream 
clay feeding, its high shear, higher residence time, self-wiping elements, and lack of 
distributive elements result in less agglomerated nanocomposites than the ZSK extruder. 
(a)      (b) 
  
Figure 4.3: Optical photomicrographs of nanocomposite films made by the Haake 
extruder with ~3 wt% MMT: (a) PP/M2(HT)2, (b) PP/s-M2(HT)2. 
(a)      (b) 
  
Figure 4.4: Optical photomicrographs of nanocomposite films made by the Haake 




The melt rheological properties of nanocomposites provide fundamental insights 
into the processability and morphology for these materials. Viscoelastic measurements 
are highly sensitive to the nanoscale and mesoscale structure of the nanocomposites and 
appear to be a powerful method to probe the state of dispersion in such materials [15, 66-
68]. The addition of organoclay to the polymer matrix increases the storage modulus by 
several orders of magnitude and alters the shear-thinning behavior at low frequencies to 
indicate a transition from liquid-like (G′ ∝ ω2, G″ ∝ ω1) to solid-like (G′, G″ ∝ ω0) 
rheological behavior. It is generally believed that the extent of these changes reflects the 
state of dispersion of the clay and has been attributed to the formation, in the quiescent 
state, of a percolated network superstructure of the exfoliated layers or stacks of 
intercalated layers called tactoids [15, 66-68]. Figure 4.5 shows the rheological properties 
for PP nanocomposites with ~5 wt% MMT. The nanocomposites tested show increased 
complex viscosity and storage modulus compared to the neat polymer, especially at low 
frequencies. PP/s-M2(HT)2 nanocomposites have slightly higher increases than 
PP/M2(HT)2 nanocomposites. Nanocomposites with PP-g-MA compatibilizer have much 
higher increases in complex viscosity and storage modulus at low frequencies, and the 
storage modulus for these nanocomposites begins to plateau at low frequencies. The 
complex viscosity and storage modulus of the PP/PP-g-MA/s-M2(HT)2 nanocomposites 
is less than for the PP/PP-g-MA/M2(HT)2 nanocomposites. The maleic anhydride groups 
may react [69] or interact with the hydroxyl groups on the clay platelet edges, increasing 
the rheological response. The effect of the silane partially blocking the interaction 
between the maleic anhydride groups and the platelet edges is likely responsible, at least 







Figure 4.5: Frequency sweep results for PP and PP/PP-g-MA nanocomposites at 180 °C: 
complex viscosity (a) and storage modulus (b) with M2(HT)2 and s-M2(HT)2 organoclays 
at a fixed MMT content of ~5 wt%. 
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Mechanical properties 
Of the various mechanical properties, modulus provides the best indicator of 
organoclay exfoliation [1]. Figure 4.6(a) shows the effect of MMT concentration on the 
tensile modulus of the nanocomposites. As expected, increasing MMT content results in 
significant improvements in modulus. Because the moduli of the neat PP-based polymers 
(Em) vary with PP-g-MA content, examining the relative moduli (E/Em) allows more 
useful comparisons. Relative modulus as a function of MMT concentration is shown in 
Figure 4.6(b). Although s-M2(HT)2 gives better modulus improvements than M2(HT)2 for 
PP-based nanocomposites, PP-g-MA compatibilized nanocomposites using either 
organoclay have even higher modulus enhancements with increasing MMT content.  
(a) 
Wt % MMT





















































Figure 4.6: Modulus (a) and relative modulus (b) as a function of montmorillonite content 
for PP and PP/PP-g-MA nanocomposites with M2(HT)2 and s-M2(HT)2 organoclays. 
Elongation at break data are presented in Figure 4.7. Neat polymer specimens and 
s-M2(HT)2 nanocomposites with low MMT levels (≤1.5 wt%) were too ductile to 
determine the breaking point using the available equipment. The elongation at break 
decreases with the addition of MMT and the addition of PP-g-MA accelerates this 
decrease for both organoclays. There does not appear to be a significant difference 
between the two organoclays.  
Fracture toughness measured by the Izod impact strength is an important property 
for some applications. Izod impact strength values (Table 4.2) were averaged from both 
gate end and far end samples because the difference between the two is relatively small. 
PP itself is very brittle by this test; thus, it is not surprising that all these materials exhibit 
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complete breakage of specimens during the impact tests, irrespective of the amount of 
PP-g-MA and MMT.  
The fracture energy recorded in an impact test reflects the integration of the 
resisting force of the sample over the range of the sample deflection. Although the 
addition of organoclay and improved exfoliation tend to decrease the impact energy [13, 
54, 70-72], in some cases the increase of force outweighs the decrease in ductility [16, 
73-75]. In this work, large standard deviations were observed and no meaningful trends 
could be found.  
(a) 
Wt % MMT





















Figure 4.7: Elongation at break as a function of montmorillonite content for PP and 





Table 4.2: Izod impact strength results (J/m) for nanocomposites with various MMT 
contents 




























a Neat blends with the ratio of the mass of PP-g-MA to the mass of organoclays fixed at 1. 
Thermal expansion properties 
PP and PP-based nanocomposites show significant non-linearity in thermal 
expansion as the temperature increases as reported by Lee et al. [7]. Thus, all the thermal 
expansion coefficients (CTE) presented in this paper were obtained over a 0–30 °C 
temperature range during the second heating scan because these values should be related 
to the mechanical property data measured at room temperature. Figure 4.8(a) shows the 
CTE in the flow direction of the PP and PP/PP-g-MA (mass PP-g-MA/mass organoclay = 
1) nanocomposites with M2(HT)2 and s-M2(HT)2 organoclays as a function of the MMT 
content. While the CTE decreases slightly for PP-based composites with the addition of 
MMT, the CTE for PP/PP-g-MA-based nanocomposites decreases much more as the 
MMT content increases. This reflects the increased degree of exfoliation and better 
orientation of the clay platelets in the flow direction when PP-g-MA is added.  
Because PP-g-MA has a higher thermal expansion coefficient than PP, the CTE of 
neat PP/PP-g-MA blends increases as the amount of PP-g-MA increases as shown in 
Figure 4.8(a). Just as PP-g-MA lowers the modulus of the neat polymer blend and 
increases the modulus of the nanocomposite by increasing the filler aspect ratio, adding 
PP-g-MA results in higher expansion of the neat polymers and reduced CTE of the 
nanocomposites. For better understanding of the thermal expansion behavior of these 
nanocomposites, the CTE of the nanocomposites is normalized by the corresponding PP 
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or PP/PP-g-MA blend without MMT as shown in Figure 4.8(b). Contrary to expectations, 
the s-M2(HT)2 nanocomposites appear to decrease the CTE to a lesser extent than the 
M2(HT)2 nanocomposites. Further work is needed to understand this phenomenon. 
(a) 
Wt % MMT


























































Figure 4.8: Thermal expansion coefficient for PP and PP/PP-g-MA nanocomposites with 
M2(HT)2 and s-M2(HT)2 organoclays (a) and the relative thermal expansion coefficient 
(b) where the data are normalized by the CTE of neat PP and PP/PP-g-MA blends. 
CONCLUSION 
Nanocomposites formed from PP and PP/PP-g-MA (mass PP-g-MA/mass 
organoclay = 1) and M2(HT)2 and s-M2(HT)2 organoclays were melt processed to explore 
the extent of exfoliation and the mechanical, rheological, and thermal expansion 
properties. WAXS and TEM coupled with detailed particle analysis were used to 
determine the effect of the organoclay used and the PP-g-MA compatibilizer on 
exfoliation. The PP/s-M2(HT)2 nanocomposites have higher particle densities than the 
PP/M2(HT)2 nanocomposites though the aspect ratio remains the same. The platelet 
dispersion is significantly improved by using PP-g-MA compatibilizer for both 
organoclays. Nanocomposites with s-M2(HT)2 have less agglomeration than M2(HT)2 
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nanocomposites. In general, nanocomposite produced with downstream organoclay 
feeding, with no TME in the screw design, and at high shear rates have lower 
agglomeration. The rheological properties and the relative modulus improve for the PP/s-
M2(HT)2 nanocomposites but not to the same degree as either organoclay in a PP-g-MA 
compatibilized matrix. The elongation at break decreases with the addition of MMT and 
the addition of PP-g-MA accelerates this decrease for both organoclays. No meaningful 
trends were found for the Izod impact strength due to the brittle nature of the PP and the 
large standard deviations observed. The thermal expansion properties, however, are not 
improved by using the s-M2(HT)2 organoclay.  
The silanized organoclay nanocomposites show mostly improved properties 
compared to the non-silanized precursor nanocomposites, though the improvements were 
less than those observed for PP-g-MA compatibilized nanocomposites. Organoclay 
silanization leads to some improvement in the mechanical properties of nanocomposites; 
other silane coupling agents might produce more significant improvements in exfoliation 
and, thus, reinforcement [48]. 
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Chapter 5: Modeling the mechanical and thermal expansion behavior 
of TPO-based nanocomposites  
Polymer nanocomposites based on organoclays can potentially lead to substantial 
enhancement in mechanical [1-4], barrier [5-7], thermal [8-10], and flammability [11-13] 
properties at very low filler concentrations while maintaining similar density and optical 
properties, making them attractive replacements for conventional composites. Melt 
mixing or compounding of polymer nanocomposites offers efficient exfoliation with 
good property improvements, provided the organoclay interacts favorably with the 
polymer matrix.  
Non-polar polyolefin matrices, such as polypropylene or polyethylene, result in 
better exfoliation with organoclays modified by a surfactant with two or more long alkyl 
tails, providing increased alkyl-polyolefin interactions and decreased silicate-polyolefin 
interaction [3, 10, 14, 15]. In addition, nanocomposites formed from polyolefin matrices 
are often modified with a polar compatibilizer to improve exfoliation and enhance 
properties. The grafting of maleic anhydride to the polyolefin backbone significantly 
increases the polarity and, thus, improves the organoclay exfoliation in polypropylene 
(PP) [3, 16-23].  
Although organoclay exfoliation in PP improves stiffness, the toughness of the 
material is sacrificed. Thus, there has been great interest in talc composites [24-27] and 
montmorillonite (MMT) nanocomposites [3, 4, 8, 9, 28] based on thermoplastic 
polyolefin (TPO) materials, i.e., blends of PP with ethylene-based elastomers made by 
compounding or formed in situ during polymerization, rather than on PP in order to 
achieve the optimum balance of stiffness and toughness required for many applications. It 
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would be useful to model the PP/elastomer/organoclay nanocomposite system using 
theoretical composite models to better understand the morphology/property relationships.  
Composite models, such as those by Mori-Tanaka, Lee, and Chow, have generally 
been used for a single-filler population in a matrix. However, the composites of interest 
here consist of both organoclay and elastomer particles. Recently, models have been 
reported for treating exfoliated single MMT platelets and intercalated tactoids [29] and 
for treating organoclay particles and glass fibers [30] as separate populations. A similar 
two-population approach is applied here to model the combined effects of the organoclay 
particles and the elastomer particles in these composites. 
The models developed in this chapter are compared to experimental mechanical 
and thermal expansion results reported previously [3, 4, 8-10]. The purpose of this 
chapter is to demonstrate the prediction of the moduli and thermal expansion coefficients 
of TPO nanocomposites by applying ternary-phase approaches employing binary 
theoretical models such as the Mori-Tanaka, Lee, and Chow models.  
EXPERIMENTAL RESULTS 
Materials and composite preparation 
Two series of nanocomposites are modeled in this chapter. The first is a series by 
Lee et al. [3, 8] that were produced by melt compounding mixtures of PP (melt index = 
37 g/10 min), an ethylene–octene based elastomer (EOR, melt index = 0.5 g/10 min), and 
a masterbatch material containing equal parts of maleic anhydride-grafted polypropylene 
(PP-g-MA, MA content = 1.0 wt%) and an organically modified montmorillonite 
(dimethyl bis(hydrogenated-tallow) ammonium montmorillonite). The second is a series 
by Kim et al. [4, 9] of nanocomposites formed by melt compounding mixtures of a 
commercial TPO (CA 387 from Basell Polyolefins, melt index = 17 g/10 min), maleic 
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anhydride-grafted polypropylene (PP-g-MA, MA content = 1.0 wt%) and an organoclay 
(dimethyl bis(hydrogenated-tallow) ammonium montmorillonite). Kim et al. also 
reported the morphology and properties of PP/PP-g-MA/MMT nanocomposites [10]. 
Further details of the melt processing steps used to form and shape these materials are 
given in the first papers in these series [3, 4, 10]. The ratio of the mass of PP-g-MA to the 
mass of organoclay is equal to one for all the composites modeled in this chapter.  
Morphology characterization and particle analysis 
Particle analyses of TEM and AFM images of TPO nanocomposites provide a 
quantitative assessment of the degree of organoclay exfoliation and of the elastomer 
morphology, respectively. Although various ways of averaging the particle aspect ratio 
exist, Hine et al. showed that using the number average fiber length in the Halpin-Tsai 
equations for glass fiber composites with a distribution of fiber lengths best matches 
more rigorous modeling that fully accounts for the length distribution [31]. Previous 
modeling efforts have shown good agreement with experimental data when using the 
number average aspect ratio, 
n
tl / , or the ratio of number average particle length and 
thickness, ( )nn tl /  [29, 32]. The series by Lee et al. reported the latter but not ntl / , 
while Kim et al. also reported 
n
tl / . For these reasons, the experimental ( )nn tl /  and 
n
tl /  aspect ratios are used to model the nanocomposites in the series by Lee et al. and 
the series by Kim et al., respectively. Tables 5.1, 5.2, and 5.3 show the aspect ratios of 
the clay and elastomer particles used in the modeling in this work. Different aspect ratio 
measurements give similar, though different, results. The elastomer particles are 
generally aligned in the flow direction (FD) and the clay particles are generally aligned in 
the plane defined by the FD and the transverse direction (TD). Further details of the 
morphology and particle analysis procedures are reported elsewhere [3, 4, 10].   
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Table 5.1: MMT and EOR aspect ratios for composites by Lee et al. [3] 
MMT EOR (30 wt%) MMT (wt%) 














Table 5.2: MMT aspect ratios for PP/PP-g-MA/MMT composites by Kim et al. [10] 
MMT (wt%) 
n










Table 5.3: MMT and EOR aspect ratios for composites by Kim et al. [4] 
MMT EOR (25 wt%) MMT (wt%) 
n
tl /  
n
















Mechanical and thermal expansion properties 
The experimental modulus and thermal expansion properties compared with the 
modeling done in this work were reported previously [3, 4, 8-10]. The experimental error 
for the modulus is < 10%. 
Modulus and thermal expansion measurements were performed on a neat EOR 
(used by Lee et al.) sample compression molded at 220 °C. The tensile modulus (7.6 
MPa) was determined according to ASTM D638 with an Instron model 1137 machine 
upgraded for computerized data acquisition using an extensometer at a crosshead rate of 
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0.51 cm/min. Thermal expansion tests were conducted according to ASTM D696 using a 
Perkin–Elmer thermomechanical analyzer (TMA 7). Due to the softness and low melting 
temperature of the EOR, thermal expansion tests were performed on a stack of three 
specimens with the following approximate dimensions: thickness = width = 6.4 mm and 
height = 12.7 mm. Each specimen was held at −40 °C for 5 min, heated at a rate of 
5 °C/min to 60 °C. The thermal expansion coefficient (CTE) determined over the 0-30 °C 
temperature range was 25.2 x 10-5 mm/mm °C-1. The elastomer was assumed to be 
isotropic with a bulk CTE of 75.6 x 10-5 mm3/mm3 °C-1. 
COMPOSITE MODELS 
Theoretical modeling is an attractive approach for the design of polymer 
composite systems, and numerous models [33-36] have been proposed for predicting the 
properties of composites and for correlating experimental data with such predictions. 
Previous papers [32, 37-41] have demonstrated such models can be useful for composites 
with nano- and micro-sized fillers. However, numerous assumptions are made when 
using these models. For example, it is assumed that the polymer matrix is not affected by 
the presence of the filler, that the filler is of uniform dimensions and is perfectly aligned, 
that the matrix and filler are isotropic, that the matrix and filler are well bonded, and that 
there are no particle—particle interactions or agglomerations [37]. Both the Mori–Tanaka 
and the Chow models are used in this paper to explore the relationship between the 
particle aspect ratio and the experimental modulus, while the Lee and Chow models are 
used to examine the relationship between the aspect ratio and the CTE.  
These models all treat the fillers as aligned ellipsoidal particles characterized by 
the ratio of the major to the minor axes, i.e., a = l/t for prolate ellipsoids (fiber-shaped 
inclusions) and a = t/l for oblate ellipsoids (disk-shaped particles), with the major axis 
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defined as being in the 1 direction (Figure 5.1). Because in an idealized injection-molded 
composite the major axes of fiber-shaped inclusions are parallel to the flow direction 
(FD) while the major axes of disk-shaped inclusions are perpendicular to the plane 
defined by the FD and the transverse direction (TD), the coordinate system depicted in 
Figure 5.2 is used to describe the composite properties. Tables 5.4 and 5.5 show which 
equations to use to calculate the modulus for fibers and disks for each direction of applied 
load and which equations to use to calculate the CTE for fibers and disks for each testing 
direction, respectively.  
 
(a)    (b)  
 












Figure 5.2: Physical representations and coordinate system for elastomer (a) organoclay 
(b) and elastomer/organoclay (c) composites. 
 
Table 5.4: The Mori-Tanaka and Chow equations used to calculate the composite 
modulus for fiber- and disk-shaped particles 
Mori-Tanaka Chow Direction of 

















END = E|| 
(Eq. 1) 
EFD = E|| 
(Eq. 7) 




EFD = E┴ 
(Eq.8 ) 
ETD = E┴ 
(Eq. 8) 






Table 5.5: The Lee and Chow equations used to calculate the composite CTE for fiber- 
and disk-shaped particles 
Lee Chow Direction of 













αFD = α┴ 
(Eq. 4) 
αTD = α┴ 
(Eq. 4) 
αND = α|| 
(Eq. 3) 
αFD = α|| 
(Eq. 9) 
αTD = α┴ 
(Eq. 10) 
αND = α┴ 
(Eq. 10) 
αFD = α┴ 
(Eq. 10) 
αTD = α┴ 
(Eq. 10) 
αND = α|| 
(Eq. 9) 
Mori-Tanaka model 
The Mori-Tanaka average stress theory [42] is based on the principles of 
Eshelby’s inclusion model for predicting an elastic stress field in and around an 
ellipsoidal particle in an infinite matrix [43]. To account for finite filler concentrations, 
however, Mori and Tanaka [42], considered a non-dilute composite of many identical 
ellipsoidal particles that cause the matrix to experience an average stress different from 
the applied stress. The volume average stress over the entire composite was forced to 
equal the applied stress to satisfy equilibrium conditions. Tandon and Weng [44] used 
this assumption together with Eshelby’s solution to derive complete analytical solutions 
for the elastic moduli of an isotropic matrix filled with aligned ellipsoidal inclusions. The 
relative tensile modulus when the direction of the applied load is parallel to the major 















and the relative modulus when the direction of the applied load is perpendicular to the 

















 where φ  is the volume fraction of filler, νm is Poisson’s ratio of the matrix, and A, A1, 
A2, A3, A4, A5, are functions of Eshelby’s tensor and the properties of the filler and the 
matrix, specifically Young’s modulus, Poisson’s ratio, filler concentration, and filler 
aspect ratio (a) (see Appendices A and B) [44].  
For composites based on fiber-shaped inclusions, the tensile modulus in the FD is 
calculated using Eq. (1), EFD = E||, and the modulus in the normal direction (ND) and the 
TD is calculated using Eq. (2), END = ETD = E┴. For composites based on disk-shaped 
inclusions, the tensile modulus in the FD and the TD is calculated using Eq. (2), EFD = 
ETD = E┴, and the modulus in the ND is calculated using Eq. (1), END = E||.  
Lee model 
The Lee model employs the same assumptions and procedures used in the Mori-
Tanaka average stress theory to derive the coefficients of thermal expansion (CTE). The 






























α  (4) 
where φ  is the volume fraction of filler, and B1, B2, B3, B4, B5, and D4 are functions of 
Eshelby’s tensor and the properties of the filler and the matrix, specifically Young’s 
modulus, Poisson’s ratio, filler concentration, and filler aspect ratio (a) (see Appendices 
A and B) [45]. 
For composites based on fiber-shaped inclusions, the CTE in the FD is calculated 
using Eq. (3), ||αα =FD , and the CTE in the ND and the TD is calculated using Eq. (4), 
⊥== ααα TDND . The bulk CTE is  
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NDFD ααγ 2+=  (5) 
For composites based on disk-shaped inclusions, the CTE in the FD and the TD is 
calculated using Eq. (4), ⊥== ααα TDFD , and the CTE in the ND is calculated using Eq. 
(3), ||αα =ND . The bulk CTE is  
 
NDFD ααγ += 2  (6) 
Chow model 
The Chow model treats the fillers as aligned ellipsoidal particles characterized by 
the ratio of the major to the minor axes [46, 47].  The relative tensile modulus when the 


















+=  (7) 
and the relative modulus when the direction of the applied load is perpendicular to the 















+=⊥  (8) 
where φ  is the volume fraction of filler, and kf and km are the bulk modulus and μf and 
μm are the shear modulus of the filler and matrix, respectively. Other parameters used are 
defined in Appendix C. 
For composites based on fiber-shaped inclusions, the modulus in the FD is 
calculated using Eq. (7), EFD = E||, and the modulus in the ND and the TD is calculated 
using Eq. (8), END = ETD = E┴. For composites based on disk-shaped inclusions, the 
modulus in the FD and the TD is calculated using Eq. (8), EFD = ETD = E┴, and the 
modulus in the ND is calculated using Eq. (7), END = E||. 























+=  (9) 






















where the parameters used are defined in Appendix C. 
For composites based on fiber-shaped inclusions, the CTE in the FD is calculated 
using Eq. (9), ||αα =FD , and the CTE in the ND and the TD is calculated using Eq. (10), 
⊥== ααα TDND . The bulk CTE is  
 
NDFD ααγ 2+=  (11)
For composites based on disk-shaped inclusions, the CTE in the FD and the TD is 
calculated using Eq. (10), ⊥== ααα TDFD , and the CTE in the ND is calculated using 
Eq. (9), ||αα =ND . The bulk CTE is  
 
NDFD ααγ += 2  (12)
Filler parameters 
In the model calculations, there are generally two ways of treating the organoclay 
particles. One is to assume good exfoliation (method 1) and treat the MMT platelets 
themselves as the reinforcing filler particles. In this case, Ep = EMMT = 178 GPa [37], ν = 
0.20, and pφ  = MMTφ  = 0.0163 at 5 wt% MMT.  
Because TEM analysis indicates good exfoliation is not achieved, the partially 
exfoliated clay particles, or tactoids, are considered to be parallel arrangements of MMT 
platelets and gallery material as described in previous reports [10, 32, 37, 41, 48, 49] 
(method 2). The tensile modulus of such an effective particle is often assumed to be given 
by the following rule of mixtures 
 
gallerygalleryMMTMMTp vv EEE +=  (13)
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where vMMT and vgallery are the volume fraction of montmorillonite and of the gallery 
space in the effective particle, while EMMT and Egallery are their corresponding moduli. The 
volume fraction of MMT platelets in the particle, vMMT, is calculated as the ratio of the 
thickness of an individual platelet and the d-spacing (2.42 nm) of the nanocomposite as 







Considering that the modulus of the organic material in the gallery is significantly 
smaller than the modulus of the MMT platelets, Eq. (13) reduces to 
 
MMTMMTp v EE =  (15)




p vMMT of volume
particlefiller  of volume
itenanocompos of volume
MMT of volume φφ ==  (16)
In this case, Ep = ETact = 70.6 GPa and pφ  = 0.0411 at 5 wt% MMT. The 
Poisson’s ratios of the matrix, νm, and of the organoclay, νp, are assumed to be 0.35 and 
0.20 respectively [37, 50, 51]. The Poisson’s ratio of the tactoids is estimated to be 0.29 
by using a simple rule of mixtures similar to Eq. (13). The models are insensitive to the 
Poisson’s ratio of the matrix within the range of 0.35 – 0.42 and to the Poisson’s ratio of 
the organoclay within the range of 0.20 and 0.30.  
It should be noted that all the composite models discussed here assume that the 
filler particles are isotropic, which is clearly not the case for organoclay tactoids where, 
in all likelihood, the modulus is lower in the direction perpendicular to the MMT platelets 
than the above estimate that considers forces acting parallel to the platelets. The CTE of 
the tactoids are, on the other hand, likely to be higher in the direction perpendicular to the 
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platelets than parallel to them. Such effects are possibly important in making predictions 
of composite properties and their directional dependence. 
Two-population models 
The above models are generally used for a single-filler population in a matrix. 
However, the composites of interest here consist of both organoclay and elastomer 
particles. These particles have different effects on the mechanical properties of the 
composites, and separate methods are needed to predict their contributions to the 
properties of the composite. When both components exist in a single nanocomposite, 
they must be considered separately to accurately predict the experimental modulus. 
Recently, similar approaches based on these concepts for treating exfoliated single MMT 
platelets and intercalated tactoids [29] and for treating organoclay particles and glass 
fibers [30] as separate populations have been reported. A similar two-population 
approach was used here to model the combined effects of the organoclay particles and the 
elastomer particles in these composites. 
A two-population model can be thought of in terms of an additive approach or a 
multiplicative approach. To keep the nomenclature consistent in describing these models, 
Em and mα  are the modulus and CTE of the PP/PP-g-MA matrix, Enano and nanoα  are 
the modulus and CTE calculated for the PP/PP-g-MA/MMT nanocomposites, ETPO and 
TPOα  are the modulus and CTE calculated for the PP/EOR blends, and EC and Cα  are 
the modulus and CTE calculated for the PP/PP-g-MA/EOR/MMT nanocomposites. In the 
additive approach, the contributions of each component are calculated separately and 
































Specific details of this approach and its application for predicting the stiffness behavior 
of nanocomposites containing a mixture of single platelets and tactoids are given in a 
prior publication [29].  
There are two different ways to apply the multiplicative approach. In one, the 
contribution of the clay is calculated first and the nanocomposite is then considered to be 
the matrix for the elastomer particles. The effect of the elastomer is calculated using the 
calculated modulus (Enano) and CTE ( nanoα ) of the clay nanocomposite as the matrix 
properties rather than those of the neat polymer matrix. The contributions of the 





























In the other approach, the contribution of the elastomer is calculated first and the TPO is 
then considered to be the matrix to which the organoclay is added. The effect of the 
organoclay is calculated using the calculated modulus (ETPO) and CTE ( TPOα ) of the TPO 
as the matrix properties rather than those of the neat polymer matrix. The contributions of 





























For simplicity, the first multiplicative approach is used in all the modeling 
presented in this work. The second multiplicative approach gives similar results.  
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The contributions to the relative modulus of the organoclay and the elastomer are 
calculated by substituting the appropriate particle parameters into the proper equations 
for each model as described above. Table 5.6 lists pertinent physical property data for the 
composite materials investigated in this work  [3, 4, 8-10, 37, 50, 51].  
 
Table 5.6: Materials properties used in models [3, 4, 8-10, 37, 50, 51] 
Components Modulus 
(GPa) 
Bulk CTE x 105 
(K-1) 
Density (g/cm3) Poisson’s ratio 






























a Calculated using rule of mixtures. 
Another alternative is to calculate the effect of the organoclay on the TPO blend 
matrix by using the experimental parameters for the organoclay and the TPO in the single 
population models. Likewise the effect of elastomer addition on the PP/PP-g-MA 
nanocomposites can be calculated using the experimental parameters for the elastomer 
and the PP/PP-g-MA nanocomposites in the single population models.  
COMPARISON OF EXPERIMENTAL DATA AND MODELING RESULTS 
Single-population model comparisons 
Before attempting to model composites containing both MMT and EOR, it is 
important to examine PP/PP-g-MA/MMT and PP/EOR systems. Figures 5.3 and 5.4 
compare the relative modulus predictions from the Mori-Tanaka and Chow models and 
the normalized CTE predictions from the Lee and Chow models with experimental data 
[3, 8] for PP/PP-g-/MMT composites and PP/EOR blends, respectively. Figure 5.3(a) 
indicates there is little difference between the relative modulus predictions from the 
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Mori-Tanaka and Chow models for MMT nanocomposites. Figure 5.4(a), however, 
shows that the relative modulus predictions for PP/EOR blends by the Mori-Tanaka 
model are significantly lower than the Chow predictions and better match the 
experimental trend with increasing EOR content. Thus, the Mori-Tanaka model was 
selected for all subsequent modulus predictions.  
Similarly, Figure 5.3(b) reveals little difference between the normalized CTE 
predictions from the Lee and Chow models for MMT nanocomposites, while Figure 
5.4(b) indicates that the normalized CTE predictions for PP/EOR blends by the Chow 
model are significantly higher than the Lee predictions and better fit the experimental 
trend with increasing EOR content. Thus, the Chow model was selected for all 

















Em = 1.51 GPa

































Em = 1.51 GPa






Figure 5.3: Comparison of relative modulus predictions from the Mori-Tanaka and Chow 
models (a) and comparison of normalized CTE predictions from the Lee and Chow 
models (b) for PP/PP-g-MA/MMT nanocomposites versus wt% MMT using MMT aspect 
ratios of 30, 50, and 70. The experimental data are from Lee et al. [3, 8]; Table 1 shows 
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Figure 5.4: Comparison of relative modulus predictions from the Mori-Tanaka and Chow 
models (a) and comparison of normalized CTE predictions from the Lee and Chow 
models (b) for PP/ EOR blends versus wt% EOR using EOR aspect ratios of 1, 2,  and 4. 
The experimental data are from Lee et al. [3, 8] ; Table 1 shows the experimentally 
determined aspect ratios of the EOR particles. 
Although the relative modulus predictions shown in Figure 5.3(a) for PP/PP-g-
MA/MMT composites over the range of experimental aspect ratios (31-63) match the 
general experimental trends, they overestimate the composite modulus. Similarly, the 
normalized CTE predictions shown in Figure 5.3(b) for PP/PP-g-/MMT composites 
match the general experimental trends, but they underestimate the thermal expansion 
coefficient. These discrepancies may result from incomplete particle alignment or 
overestimation of the tactoid modulus by Eq. 15.  
Figure 5.5 shows comparisons between the experimental results of Lee et al. [3, 8] 
and Mori-Tanaka predictions using experimental aspect ratios and tactoid moduli (ETact) 
of 70.6, 32, and 13.5 GPa for PP/PP-g-MA/MMT composites. The predictions using a 
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tactoid modulus of 70.6 GPa determined using the rule of mixtures (Eq. 15) overestimate 
the relative modulus and underestimate the normalized CTE in the FD. Although in a 
previous work an adjusted ETact of 13.5 GPa enabled better modulus predictions for 
HDPE-based nanocomposites [29], the predictions using this ETact underestimate the 
relative modulus and overestimate the normalized CTE in the FD . An adjusted ETact of 
32 GPa gives a much better fit of the experimental relative modulus and normalized CTE 
in the FD. Figure 5.6 also indicates that an adjusted ETact of 32 GPa results in the best fit 
of the experimental relative modulus and normalized CTE trends reported by Kim et al. 
[10]. The lower apparent modulus for the tactoids suggests that Eq. (15) overestimates 
the stress transfer between platelets in the tactoids. Figure 5.5(c), however, indicates that 
the ETact of 70.6 GPa best matches the experimental normalized CTE in the ND. The 
model assumes that the tactoids are isotropic, when, in reality, they are not as mentioned 

















































































Figure 5.5: Comparison of the relative modulus predictions from the Mori-Tanaka model 
(a) and comparisons of the normalized CTE predictions from the Chow model in the FD 
(b) and the ND (c) for PP/PP-g-MA/MMT nanocomposites versus wt% MMT using 
tactoid moduli of 70.6, 32, and 13.5 GPa. The experimental data are from Lee et al. [3, 






















































Figure 5.6: Comparison of the relative modulus predictions from the Mori-Tanaka model 
(a) and comparison of the normalized CTE in the FD predictions from the Chow model 
(b) for PP/PP-g-MA/MMT nanocomposites versus wt% MMT using tactoid moduli of 
70.6, 32, and 13.5 GPa. The experimental data are from Kim et al. [10]; Table 2 shows 
the experimentally determined aspect ratios of the MMT tactoids. 
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For PP/EOR blends, the Mori-Tanaka predictions using an aspect ratio of 1.5 
experimentally determined for a blend with 30 wt% EOR match the general experimental 
trends for relative modulus and normalized CTE in the FD with increasing elastomer 
content, as shown in Figure 5.7. However, the experimental relative modulus and 
normalized CTE in the FD are lower and higher than predicted, respectively. A much 
larger discrepancy is seen for the normalized CTE in the ND in Figure 5.7(c), where the 
predicted rate of increase in the CTE in the ND with increasing EOR content is much 
lower than the experimental trend. This result, coupled with the underestimation of the 
CTE in the ND in the PP/PP-g-MA/MMT composites, suggests that the Chow model is 
not adequately capturing the constraining effects of the MMT on the matrix and of the PP 
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Figure 5.7: Comparison of relative modulus predictions from the Mori-Tanaka model (a) 
and comparisons of the normalized CTE predictions from the Chow model in the FD (b) 
and the ND (c) for PP/ EOR blends versus wt% EOR using an EOR aspect ratio of 1.5 
with experimental data by Lee et al. [3, 8]; Table 1 shows the experimentally determined 
aspect ratios of the EOR particles. 
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Two-population model comparisons 
When both EOR and MMT are added to a PP matrix, a two-population approach 
must be applied to predict the experimental properties. Figure 5.8 compares the additive 
and multiplicative approaches for predicting the modulus and the CTE in the FD of 
PP/PP-g-MA/EOR/MMT composites by the Mori-Tanaka and Chow models, 
respectively, using tactoid moduli of 70.6 and 32 GPa with experimental data by Lee et 
al. [3, 8]. The multiplicative approach, wherein the contribution of the clay is calculated 
first and the nanocomposite is then considered to be the matrix for the elastomer blend, 
appears to better match the experimental trend for modulus with increasing MMT, 
particularly for an ETact of 32 GPa. The slightly higher modulus predictions can be 
attributed to the tendency of the model to underestimate the modulus reduction upon 
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Figure 5.8: Comparisons of the additive and multiplicative two-population approaches for 
predicting the modulus (a) and the CTE in the FD (b) by the Mori-Tanaka and Chow 
models, respectively, for PP/PP-g-MA/EOR/MMT nanocomposites versus wt% MMT 
using tactoid moduli of 70.6 and 32 GPa. The experimental data are from Lee et al. [3, 8]; 
Table 1 shows the experimentally determined aspect ratios used in the calculations. 
Similarly, the discrepancy in Figure 5.8(b) between the predicted and 
experimental CTE in the FD at 0 wt% MMT is due to the model’s underestimation of the 
CTE increase upon EOR addition, as shown in Figure 5.5(b). As with the modulus 
predictions, the multiplicative approach gives better agreement with the experimental 
trend for CTE with increasing MMT. However, for the CTE, an ETact of 70.6 GPa gives a 
better match with the experimental trend. The models seem to better capture the effects of 
the addition of MMT than those of the addition of EOR. 
Figure 5.9 compares the models for predicting either the effect of the MMT 
tactoids on the experimental TPO using Eq. 21 and 22 (TPO/tactoid approach) or the 
effect of the EOR particles on the experimental nanocomposites using Eq. 19 and 20 
(nanocomposite/EOR approach) with experimental data from Lee et al. [3, 8]. Both 
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approaches match the experimental trends fairly well. The nanocomposite/EOR approach 
consistently overestimates the composite modulus, but agrees well with the rate of 
increase upon MMT addition. For the CTE in the FD, the nanocomposite/EOR approach 
underestimates the increase in CTE due to the EOR and underestimates the rate of 
decrease with increasing MMT. The TPO/tactoid approach best matches the experimental 
trends. For relative modulus, an ETact of 70.6 GPa fits best at low MMT levels, while an 
ETact of 32 GPa matches the experimental data best at high MMT loadings. Setting ETact = 
70.6 GPa fits the experimental CTE in the FD trend best, while ETact = 32 GPa better 


























































































Figure 5.9: Comparison of the modulus predictions from the Mori-Tanaka model (a) and 
comparisons of the CTE predictions from the Chow model in the FD (b) and the ND (c) 
for PP/PP-g-MA/EOR/MMT nanocomposites versus wt% MMT using tactoid moduli of 
70.6 and 32 GPa with experimental data by Lee et al. [3, 8]; Table 1 shows the 
experimentally determined aspect ratios used in the calculations. The composites are 
modeled as either nanocomposites filled with EOR or as a TPO filled with MMT 
tactoids. 
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Because Kim et al. used a commercial TPO with unspecified elastomer content 
and properties, a TPO/tactoid model is needed to describe these composites. Figure 5.10 
compares the predictions treating the composite as a TPO filled with MMT tactoids 
(using Eq. 21 and 22) with experimental data from Kim et al. [4, 9]. An ETact of 70.6 GPa 



































































Figure 5.10: Comparisons of the modulus predictions from the Mori-Tanaka model (a) 
and of the CTE predictions from the Chow model in the FD (b) for PP/PP-g-
MA/EOR/MMT nanocomposites versus wt% MMT treating the composites as a TPO 
filled with MMT tactoids with moduli of 70.6 or 32 GPa with experimental data by Kim 
et al. [4, 9] ; Table 3 shows the experimentally determined aspect ratios used in the 
calculations. 
CONCLUSIONS 
The Mori-Tanaka, Lee, and Chow composite models were used to predict the 
modulus and CTE of PP/PP-g-MA/MMT nanocomposites and PP/EOR blends. The 
Mori-Tanaka and Chow model predictions best match the experimental trends. Although 
the predictions for PP/PP-g-MA/MMT nanocomposites using a tactoid modulus of 70.6 
GPa overestimate the modulus and underestimate the CTE in the FD, an adjusted ETact of 
32 GPa matches the experimental data well. The predictions for PP/EOR blends 
overestimate the modulus and underestimate the CTE in the FD. In both systems, the 
predictions underestimate the CTE in the ND, suggesting the Chow model does not 
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adequately capture the constraining effects of the MMT on the matrix and of the PP 
matrix on the EOR. 
Various ternary-phase approaches were used to predict the modulus and CTE of 
PP/PP-g-MA/EOR/MMT nanocomposites. A multiplicative approach, wherein the 
contribution of the clay is calculated first and the nanocomposite is then considered to be 
the matrix for the elastomer blend, best matches the experimental trends. The models 
better capture the effects of the MMT than those of the EOR.  
Models predicting the effect of the MMT tactoids on the experimental TPO (using 
Eq. 21 and 22) or the effect of the EOR particles on the experimental nanocomposites 
(using Eq. 19 and 20) were also used. The TPO/tactoid approach that predicts the effect 
of the MMT tactoids on the experimental TPO best matches the experimental trends. This 
TPO/tactoid model gives rather good quantitative agreement between the predicted 
values of modulus and CTE calculated using the experimentally determined aspect ratios 
and those measured experimentally for TPO nanocomposites. 
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Chapter 6: Effect of acid neutralization on the properties of K+ and 
Na+ poly(ethylene-co-methacrylic acid) ionomers 
Polymers with small mole fractions (< 15 mol%) of ionic groups covalently 
bonded to the polymer backbone are called ionomers [1-3]. Random copolymers of 
ethylene and methacrylic acid where some of the acid groups (15 – 80%) are neutralized 
to form metal salts are a commercially important class of ionomers. The morphology of 
ionomers based on poly(ethylene-co-methacrylic acid) (EMAA) consists of three regions: 
amorphous phases, crystalline phases, and ionic clusters [4-6]. The ionic clusters act as 
thermoreversible crosslinks and improve the toughness, melt viscosity, clarity, and 
adhesion properties of the copolymer.  
Various structural aspects of an ionomer matrix affect its properties, including the 
molecular weight, melt rheology (melt index), acid content, type of acid, type of 
neutralizing ion, and degree of neutralization. This chapter examines the effects of the 
type of neutralizing ion, the degree of neutralization, and the precursor melt index on the 
ionomer properties. 
Many ionomers based on sodium cations (Na+) are available commercially; they 
can be produced by a relatively simple neutralization process involving a ubiquitous 
cation and have advantageous properties, including excellent adhesion to glass. There has 
been recent interest in ionomers based on potassium cations (K+) because of their higher 
affinity for water that gives rise to several interesting properties, including favorable 
antistatic properties.  
This chapter explores the effects of the degree of neutralization of the acid groups 
and, to some extent, the precursor melt index on the properties of two series of EMAA 
ionomers; one is based on sodium cations, and the other is based on potassium cations. 
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Chapter 7 explores the extent of organoclay exfoliation and the properties of 
nanocomposites based on these two series of ionomers. The properties of the neat 




The experimental ionomers were based on EMAA copolymers containing 15 wt% 
of methacrylic acid. The series of sodium and potassium ionomers were prepared by 
extrusion neutralization of various ethylene-methacrylic acid base resins with different 
molecular weights (melt indices of 25, 60, and 200 g/10 min). These materials compose a 
wide range of both neutralization levels (from 14% to 60%) and melt indices (0.5 to 48 
g/10 min) as shown in Table 2.1 in Chapter 2 and Figure 6.1; the data points for the base 
resin precursors are shown connected to those of the K+ ionomers by dashed lines. 
Because both the melt index of the precursor and the degree of neutralization [7-9] affect 
the melt index of the ionomer, it is difficult to make ionomers with a constant melt index 
and varying neutralization levels, or vice versa. 
Melt processing 
The ionomers were dried in a vacuum oven at 50 °C for a minimum of 48 h prior 
to injection molding. Tensile specimens (ASTM D638, Type I) and Izod bars (ASTM 
D256) were prepared by an Arburg Allrounder 305-210-700 injection-molding machine 
using a barrel temperature of 200 – 225 °C, a mold temperature of 25 °C, an injection 
speed of 34 mm/s, an injection pressure of 55 – 65 bar, and a holding pressure of 50 – 55 
bar. After molding, the samples were immediately sealed in polyethylene bags and placed 
in a vacuum desiccator for 21 days prior to testing, unless otherwise specified.  
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Figure 6.1: Melt indices and neutralization levels of neat K+ and Na+ ionomers used. 
Characterization  
Differential scanning calorimetric (DSC) thermograms were recorded using a 
Perkin-Elmer Model DSC-7 at a heating rate of 10 °C/min under an extra dry N2 
atmosphere over a temperature range of 0 °C to 140 °C. The predried virgin ionomer 
samples of 8 mg to 10 mg were packed in aluminum pans, melted at 205 – 230 °C, and 
then kept in a desiccator for 21 days before the measurements unless otherwise indicated. 
These pretreatments were performed to remove previous thermal history and to ensure 
that each sample experienced the same length of room temperature aging time because a 
number of factors, such as moisture content and room temperature aging, can affect the 
details of the DSC thermograms [7, 10, 11].  
Melt rheological characteristics were determined using an AR 2000ex Rheometer 
with a parallel plate fixture. All the rheological measurements were carried out at a fixed 
temperature of 200 °C under a nitrogen gas flow. Frequency sweep tests were made over 
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a range of 0.5–200 rad/s at a strain of 0.02%, which was within the linear viscoelastic 
region. Specimens for rheological testing were taken from the far end of injection molded 
samples and trimmed after heating on the rheometer plate to a disk with a diameter of 
25 mm and a thickness of 1 mm. 
The dynamic mechanical properties were determined by a Rheometric Scientific 
Dynamic Mechanical Thermal Analyzer (DMTA) Mk III at a frequency of 1 Hz, a strain 
level setting of 4 (~0.07% strain), and under a single cantilever mode. Injection-molded 
(0.318 cm thick) specimens of neat ionomers were heated from 0 to 85 °C at a rate of 
2 °C/min and analyzed for storage modulus (E′), loss modulus (E′′), and tan δ. 
Tensile tests were performed according to ASTM D638 using an Instron model 
1137 machine upgraded for computerized data acquisition. Tensile modulus values were 
determined using an extensometer at a crosshead rate of 0.51 cm/min. Elongation at 
break and yield strength data were measured at a crosshead speed of 5.1 cm/min. Data 
reported here are averaged from at least five specimens. 
Notched Izod impact tests were conducted at room temperature using a 6.8 J 
hammer and 3.5 m/s impact velocity using a TMI Impact tester (model 43-02). Standard 
notches were made according to ASTM D256. Frequently, as-molded rectangular bars 
are cut in half (to generate more samples) and the Izod impact strength data from the gate 
end (the end at which the molten polymer enters the mold during injection molding) and 
the far end are averaged together. Morphological differences arising from the injection 
molding process can result in significant differences between the Izod impact strength 
measured at the gate end and the far end of the samples. Although the Izod impact 
strength measured at the gate end is up to 27% less than that measured at the far end of 
the neat ionomer samples, values from both ends are averaged together here for 
simplicity.  
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RESULTS AND DISCUSSION 
Ionomer ageing 
EMAA copolymer-based ionomers are known to undergo a physical ageing 
process during room temperature storage over a period of days to months [12]. This 
phenomenon has been attributed to secondary crystallization [12-16] and to increased 
ordering in and around the ionic aggregates [17-20]. Recent X-ray scattering [21] and 
NMR [15] studies indicate that the ageing effect is primarily due to secondary 
crystallization. The aggregation of ionic groups results in a high local viscosity [8, 22] 
that impedes the diffusion of crystallizable segments, as evidenced by the slower rate of 
primary crystallization of ionomers as compared with unneutralized EMAA copolymers 
[13]. Thus, high amounts of crystallizable segments are able to crystallize in a secondary 
crystallization process during room-temperature ageing. The secondary crystals may 
serve as bridges between the ionic aggregates, or the immobilized zones surrounding the 
aggregates, to form percolating pathways between the primary crystals [23].  
Effect of ageing time on ionomer DSC 
Typical DSC thermograms of K+ and Na+ ionomers measured 21 days after high 
temperature annealing (205-230 °C) are shown in Figure 6.2. The DSC scans reveal a 
low temperature (Ti) peak (45 – 52 °C) and a high temperature (Tm) peak (87 – 94 °C) 
associated with the melting of the secondary and primary crystallites, respectively. These 
peaks change with time after molding. Figure 6.3 shows how the enthalpy change for the 
Ti peak (ΔHi) of K+ and Na+ ionomers changes with time after annealing at 205 – 230 °C. 
The ΔHi increases with ageing time, indicating higher crystallization levels, and appears 
to plateau near an ageing time of 21 days. Due to the proximity of the two peaks, 
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Figure 6.2: DSC thermograms of selected neat K+ (a) and Na+ (b) ionomers with a 
precursor melt index of 60 g/10 min and various levels of neutralization (%N) measured 























































Figure 6.3: The ΔH of the low temperature peak in DSC scans of various neat K+ (a) and 
Na+ (b) ionomers measured after various times after high temperature annealing. 
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Effect of ageing time on ionomer modulus  
The secondary crystallites have been shown to form between primary crystallites 
and to be arranged parallel to the primary crystallites [21]. The formation of secondary 
crystals creates more sample-spanning pathways by connecting the immobilized areas 
near the ionic aggregates, increasing the modulus significantly [23]. As expected, this 
secondary crystallization results in increased modulus over time, as shown in Figure 6.4. 
The modulus seems to increase substantially with time up to about two or three weeks 
after molding. The modulus appears to plateau with further ageing time. Because both the 
modulus and the crystallinity as measured by DSC seem to have leveled off after 21 days, 
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Figure 6.4: Modulus of various neat K+ (a) and Na+ (b) ionomers measured after various 
times after molding. 
Effect of water content on ionomer properties 
The cations of EMAA ionomers attract and absorb water; K+ ionomers absorb 
more water than Na+ ionomers [10]. Figure 6.5 shows the water content of selected K+ 
and Na+ ionomers and ionomer nanocomposites versus the soaking time in water. The 
addition of 5 wt% montmorillonite (MMT) to the ionomer results in little further increase 
in the water content.  
Table 6.1 shows the effect of moisture on the neat ionomer properties of selected 
K+ and Na+ ionomers. For both ionomers the modulus decreases and the elongation at 
break and Izod impact strength increase upon absorption of water, consistent with the 
expected plasticization effect of water on ionomer materials [10].  
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Figure 6.5: Modulus of various neat K+ (a) and Na+ (b) ionomers measured after various 
times after molding. 
 
Table 6.1: Effect of moisture on neat ionomer properties 
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Differential scanning calorimetry  
Figures 6.6 and 6.7 show the dependence of the Ti and ΔHi, respectively, 
measured 21 days after high temperature annealing on the neutralization level for K+ and 
Na+ ionomers. The Ti and ΔHi increase for both ionomer types with increasing 
neutralization. At any neutralization level, the ΔHi of the ionomers with a precursor melt 
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index of 60 g/10 min is typically higher and that of the K+ ionomers with a precursor melt 
index of 200 g/10 min is typically lower. The Tm, however, decreases with increasing 
neutralization level for both ionomer types, as shown in Figure 6.8; the Tm is generally 
lowest for ionomers with a precursor melt index of 60 g/10 min at any neutralization 
level. The ΔHm shown in Figure 6.9 increases with increasing neutralization, except for 
the Na+ ionomer with the highest neutralization level (59%). At any neutralization level, 
the ΔHm generally decreases as the precursor melt index increases. These results indicate 
that the crystallization level increases with increasing neutralization level. In general, the 
Ti is higher and both the ΔHi and ΔHm increase at a lower rate for the Na+ ionomers than 
for the K+ ionomers.  
Increases in Ti and ΔHi and decreases in Tm and ΔHm with increasing 
neutralization level have been reported previously for various ionomer types [7, 14, 23, 
24]. The Ti, Tm, and ΔHi trends agree with those reported here, but the ΔHm reported here 
tends to increase as the neutralization increases. This disparity may be due in part to 
difficulties in measuring the peak areas due to the proximity of the peaks and to 
differences in room-temperature ageing time. Neutralization and the resulting aggregation 
of ionic and acid groups may result in further segregation of the amorphous methacrylic 
acid chain segments, allowing for higher crystallization levels. Several reports have 
suggested that an optimal spacing of alkaline ions and carboxyl groups within ionic 
groups may exist at a neutralization level of 33% (three carboxyl groups per ion) [7, 9, 
















































Figure 6.6: The low temperature peak temperatures in DSC scans of neat K+ (a) and Na+ 


















































Figure 6.7: The ΔH of the low temperature peak in DSC scans of neat K+ (a) and Na+ (b) 




































Figure 6.8: The high temperature peak temperatures in DSC scans of neat K+ (a) and Na+ 














































Figure 6.9: The ΔH of the high temperature peak in DSC scans of neat K+ (a) and Na+ (b) 
ionomers measured 21 days after high temperature annealing. 
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Dynamic mechanical analysis 
Several mechanical relaxations have been reported between -40 and 70 °C in 
previous DMTA studies of EMAA ionomers [7, 23, 27-29]. EMAA copolymers and 
ionomers with < 20% neutralization exhibit only one clear relaxation between -40 and 
70 °C that has been shown to be the glass transition of the amorphous phase in these 
materials [30]. As the neutralization level increases, this relaxation splits into two: one at 
a lower temperature and one at a higher temperature. The lower temperature relaxation is 
generally considered to reflect the glass transition of ion-depleted domains within the 
amorphous phase [23, 27, 31]. The higher temperature relaxation has been attributed to 
the melting of secondary crystals and the devitrification of the ion-rich regions [23]. 
Figure 6.10 shows the dynamic mechanical properties of K+ ionomers with 
neutralization levels of ~20%. For this fixed level of neutralization, changes in the 
precursor melt index appear to have little effect on the storage modulus (E’). As the 
precursor melt index increases, the loss modulus (E’’) increases significantly below the Ti 
and decreases slightly above the Ti.  
Dynamic mechanical properties of selected K+ and Na+ ionomers with a precursor 
melt index of 60 g/10 min and various degrees of neutralization are shown in Figures 
6.11 and 6.12, respectively. The relaxation denoted by the decrease in E’ and the peaks in 
E’’ and tan δ that occur in the vicinity of the Ti seen by DSC shifts to higher temperatures 
as the degree of neutralization is increased, as expected from the DSC results and in 
agreement with previous reports for Na+ and Zn2+ ionomers [23, 27, 29]. Though the 
temperature range examined here is not sufficiently low to be certain, it appears that 
ionomers with neutralization levels < 20% have single relaxation similar to that of 
EMAA, while ionomers with higher neutralizations likely exhibit a split relaxation 



















































Figure 6.10: Storage modulus, E′, (a) and loss modulus, E″, (b) for neat K+ ionomers with 
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Figure 6.11: Storage modulus, E′, (a), loss modulus, E″, (b), and tan δ (c) for neat K+ 




Precursor MI = 60
Temperature (oC)






















Precursor MI = 60
Temperature (oC)


























Precursor MI = 60
Temperature (oC)
















Figure 6.12: Storage modulus, E′, (a), loss modulus, E″, (b), and tan δ (c) for neat Na+ 
ionomers with a precursor melt index of 60 g/10 min. 
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Figure 6.13 shows the dynamic mechanical properties of selected K+ and Na+ 
ionomers with comparable precursor melt indices and neutralization levels. The decrease 
in E’ and the peaks in E’’ and tan δ that occur in the vicinity of the Ti seen by DSC occur 
at higher temperatures for the Na+ ionomers than for the K+ ionomers, as expected from 



































































































Melt rheology results for K+ ionomers with neutralization levels of ~20% are 
shown in Figure 6.14. As expected, the complex viscosity, storage modulus, and loss 
modulus decrease dramatically with increasing precursor melt index at all frequencies. 
The ionomers demonstrate Newtonian behavior at low frequencies and experience shear 
thinning at higher frequencies. The difference in melt viscosity for ionomers with 
different melt indices is not as dramatic at the high shear rates used in melt processing, 

















































































Figure 6.14: Frequency sweep results for neat K+ ionomers with neutralization levels of 
~20% at 200 °C: complex viscosity, η*, (a), storage modulus, G′, (b), and loss modulus, 
G″, (c). 
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Figures 6.15 and 6.16 show the melt rheology properties of selected K+ and Na+ 
ionomers with a precursor melt index of 60 g/10 min, respectively. The melt viscosity, 
storage modulus, and loss modulus increase as the neutralization level increases. Others 
have similarly reported that increasing neutralization level dramatically increased the 
complex viscosity of Na+ ionomers [22, 24]. The melt viscosity, storage modulus, and 
loss modulus of the K+ ionomers are somewhat lower than those of the Na+ ionomers, 
possibly due to the higher affinity of K+ for water; there may be some water retained in 
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Figure 6.15: Frequency sweep results for selected neat K+ ionomers with a precursor melt 
index of 60 g/10 min at 200 °C: complex viscosity, η*, (a), storage modulus, G′, (b), and 
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Figure 6.16: Frequency sweep results for selected neat Na+ ionomers with a precursor 
melt index of 60 g/10 min at 200 °C: complex viscosity, η*, (a), storage modulus, G′, (b), 
and loss modulus, G″, (c). 
Mechanical properties 
Representative stress-strain curves of selected K+ and Na+ ionomers are shown in 
Figure 6.17. The curves of both ionomer types show distinct yield points, strain 
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Figure 6.17: Stress-strain diagrams for selected neat K+ (a) and Na+ (b) ionomers at a 
crosshead speed of 5.1 cm/min. 
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The tensile moduli of the K+ ionomers are plotted versus the neutralization level 
in Figure 6.18(a). The modulus increases with increasing neutralization level, except for 
neutralization levels above 50%. Generally, the modulus also increases as the precursor 
melt index decreases at any given neutralization level. Figure 6.18(b) plots the effect of 
the neutralization level on the modulus of the Na+ ionomers from this work and those 
reported by Cui et al. [24]. The modulus increases up to a neutralization level of 40% and 
plateaus with further neutralization increases; the precursor melt index does not 
significantly affect the modulus. The lower values reported by Cui et al. can be attributed 
to the higher precursor melt index (200 g/10 min) and the shorter time between molding 
and testing (minimum of 24 h versus 21 days) of the samples.  
It is interesting that there is an apparent maximum in the modulus of the K+ 
ionomers between 40 and 50% neutralization, while the modulus of the Na+ ionomers 
plateaus at high neutralization levels. Several groups have reported a maximum or a 
plateau in modulus or stiffness with increasing neutralization level [7, 9, 23-25]. This 
phenomenon may be due to an optimal packing within the ionic groups near 33% 
neutralization. Higher neutralization levels may disrupt the ionic group structure and 
possibly reduce the amount of material immobilized by the ionic groups, lowering the 
effectiveness of the percolating pathways formed by secondary crystals and immobilized 
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Figure 6.18: Effect of neutralization level on the tensile modulus of neat K+ (a) and Na+ 
(b) ionomers used in this study and those reported by Cui et al. [24]. The modulus for the 
EMAA with a MI of 25 g/10 min [24] is connected with a dashed line. 
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The yield stress of K+ and Na+ ionomers versus the neutralization level is shown 
in Figure 6.19. The trends are similar to those seen for modulus and agree with previous 
reports [7, 25, 28]. The yield stress increases with increasing neutralization up to a 
neutralization level of 40% and plateaus at higher neutralization levels. The yield stress 
of the Na+ ionomers is generally somewhat higher than that of the K+ ionomers. 
Generally, the yield stress also increases as the precursor melt index decreases at any 
































































Figure 6.19: Effect of neutralization level on the yield stress of neat K+ (a) and Na+ (b) 
ionomers used in this study. 
Figure 6.20 shows the elongation at break of K+ and Na+ ionomers versus the 
neutralization level. The elongation at break decreases as the neutralization level 
increases for both ionomer types, reflecting the increasing volumetric concentration of 
the ionic aggregates and the stronger interactions between the ionic groups. The results 
reported by Cui et al. [24] show a similar trend, though they are somewhat higher due to 
the difference in the time between molding and testing and the higher precursor melt 
index. The unneutralized EMAA was too ductile to determine the breaking point on the 
available equipment (> 400%). The elongation at break decreases significantly with 
decreasing precursor melt index at any given neutralization level. In fact, there is a much 
better correlation between the elongation at break and the ionomer melt index, as shown 
in Figure 6.21. It appears that the precursor melt index and the neutralization level have a 
similar effect on both the ionomer rheology as measured by the melt index and on the 
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elongation at break. The elongation at break of the Na+ ionomers is generally somewhat 
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Figure 6.20: Effect of neutralization level on the elongation at break of neat K+ (a) and 
Na+ (b) ionomers used in this study and a comparison with the neat Na+ ionomers 
reported by Cui et al. [24] (c). 
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Figure 6.21: Effect of melt index on the elongation at break of neat K+ and Na+ ionomers 
used in this study and of the neat Na+ ionomers reported by Cui et al. [24]. 
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The Izod impact strength of K+ and Na+ ionomers versus the neutralization level 
is shown in Figure 22. Although the Izod impact strength measured at the far end is 
generally higher than that measured at the gate end of the neat ionomer samples, values 
from both ends averaged together are plotted here for simplicity. The impact strength 
initially increases with increasing neutralization levels, reaches a maximum between 15 
and 40% neutralization, and decreases as the neutralization level further increases; the 
rate of this decrease is higher for the Na+ ionomers. The fracture energy measured in an 
impact test reflects the integration of the resisting force of the sample over the range of 
sample deflection. Increasing the neutralization level increases the resisting force and 
decreases the ductility. At lower neutralization levels the increase in the resisting force 
outweighs the decrease in ductility. At higher neutralization levels, however, ductility 
decreases to the point where the impact strength decreases below that of the EMAA. The 
impact strengths of the ionomers with a precursor melt index of 200 g/10 min are 
generally somewhat lower than those of the ionomers with lower precursor melt indices. 
As shown in Figure 22(b), a similar trend was reported by Cui et al. [24], though the 
results reported here are higher partly due to the difference in the time between molding 
and testing and the higher precursor melt index. The higher crystallinity arising from the 
longer time between molding and testing of the ionomers examined in this work results in 
increased resistance to fracture that outweighs any possible decrease in ductility.  
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Figure 6.22: Effect of neutralization level on the Izod impact strength of neat K+ (a) and 
Na+ (b) ionomers used in this study and those reported by Cui et al. [24]. The impact 
strength for the EMAA with a MI of 25 g/10 min [24] is connected with a dashed line. 
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CONCLUSION 
The effects of the degree of neutralization of the acid groups and, to some extent, 
the precursor melt index on the properties of Na+ and K+ EMAA ionomers are examined. 
DSC and modulus results indicate that the physical ageing effect due to secondary 
crystallization generally plateaus after 21 days after melt processing. K+ ionomers absorb 
more water than Na+ ionomers, and water absorption has a plasticization effect on the 
ionomers. DSC results indicate that the Ti, ΔHi, and ΔHm increase, while the Tm 
decreases with increasing neutralization level. These results indicate that crystallization 
increases with increased neutralization. The mechanical relaxation seen by DMA in the 
vicinity of the Ti shifts to higher temperatures as the neutralization level increases. The 
effects of precursor melt index are not as significant.  
The complex viscosity, storage modulus, and loss modulus increase dramatically 
with decreasing precursor melt index. The rheological properties also increase as the 
neutralization level increases to a lesser extent. The Na+ ionomers have somewhat higher 
rheological properties than the K+ ionomers.  
The ionomer modulus and yield strength increase with increasing neutralization 
level up to 40% neutralization and then plateau or slightly decrease with further 
neutralization. The plateaus/maxima may be the result of an optimal spacing of alkaline 
ions and carboxyl groups within ionic groups at neutralization levels near 33%. The 
elongation at break decreases with increasing neutralization. The precursor melt index 
and the neutralization level appear to affect both the elongation at break and the melt 
index of the ionomers similarly, resulting in a good correlation between the ionomer melt 
index and the elongation at break. The elongation at break of the K+ ionomers is 
generally higher that that of the Na+ ionomers. The impact strength decreases with 
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increasing neutralization level. The modulus, yield stress, and impact strength are 
generally lowest for the ionomers with the highest precursor melt index.  
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Chapter 7: Effect of acid neutralization on the morphology and 
properties of K+ and Na+ poly(ethylene-co-methacrylic acid) ionomer 
nanocomposites 
Polymer-organoclay nanocomposites can possess substantial enhancements in 
mechanical [1-3], barrier [4-6], thermal [7, 8], and flammability [9-11] properties at very 
low filler concentrations while maintaining a similar density, making them attractive 
replacements for conventional composites. Only high levels of exfoliation will produce 
nanocomposites that maximize the benefits of the high aspect ratio fillers. Although 
process optimization can improve organoclay exfoliation, the individual organoclay 
platelets must interact favorably with the polymer matrix to achieve high levels of 
exfoliation.  
Nonpolar polyolefin matrices interact poorly with the hydrophilic silicate 
platelets, making uniform dispersion and effective exfoliation particularly difficult to 
achieve. These materials are often modified with a polar compatibilizer such as maleated 
polypropylene [3, 12-19] or a maleated polyethylene [20-31] to improve exfoliation and 
enhance properties. Another approach is the incorporation of polar comonomers like 
vinyl acetate [22, 32, 33] or methacrylic acid [34-37]. An extension of this approach is to 
neutralize some of the acid groups with metal cations to form ionomers, such as those 
based on poly(ethylene-co-methacrylic acid) (EMAA) [38-41]. The ionic groups enable 
favorable interactions between the polymer and the organoclay, resulting in a more 
exfoliated morphology.  
Various structural aspects of an ionomer matrix affect its ability to exfoliate the 
organoclay, including the molecular weight, melt rheology (melt index), the acid content, 
the type of acid, the type of neutralizing ion, and the degree of neutralization. Previous 
studies have focused on finding the best organoclay structure for a given sodium ionomer 
 179
[39], the effect of different cations [40], and the effect of the degree of neutralization of 
the acid groups [41].  
Chapter 6 explored the effects of the degree of neutralization of the acid groups 
and, to some extent, the precursor melt index on the properties of two series of EMAA 
ionomers; one is based on sodium cations, and the other is based on potassium cations 
[42]. This chapter explores the extent of organoclay exfoliation and the properties of 
nanocomposites formed from these two series of ionomers.  
EXPERIMENTAL 
Materials  
The experimental ionomers were based on EMAA copolymers containing 15 wt% 
of methacrylic acid. The series of sodium and potassium ionomers compose a wide range 
of both neutralization levels (from 14% to 60%) and melt indices (0.5 to 48 g/10 min) as 
shown in Table 2.1 in Chapter 2, Table 7.1, and Figure 7.1. These materials were 
prepared at DuPont by extrusion neutralization of various ethylene-methacrylic acid base 
resins (melt indices of 25, 60, and 200 g/10 min).   
The organoclay designated as M2(HT)2, donated by Southern Clay Products, was 
prepared by a cation exchange reaction between sodium montmorillonite (Na+ MMT, 
CEC = 92 mequiv/100 g clay) and a two-tailed quaternary ammonium surfactant, 
dimethyl bis(hydrogenated-tallow) ammonium chloride (Arquad 2HT-75). Some 
frequently used abbreviations are employed here to represent the substituents on the 
ammonium cation, e.g., M for methyl and HT represents long alkyl chains from 
hydrogenated tallow [1, 39, 43]. This organoclay was selected based upon recent reports 
that this organoclay resulted in the best exfoliation in similar ionomer matrices [39, 41].   
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Ionomer Melt Index (g/10 min)

























Figure 7.1: Melt indices and neutralization levels of neat K+ and Na+ ionomers used. 
Melt processing 
The ionomers and the organoclay were dried in a vacuum oven at 50 °C for a 
minimum of 48 h or 24 h, respectively, prior to melt processing. Nanocomposites were 
melt compounded in a Haake co-rotating, intermeshing twin screw extruder (diameter = 
30 mm, L/D = 10) using a screw speed of 280 rpm, a feed rate of 1 kg/h, and a barrel 
temperature of 200 – 225 °C depending on the degree of neutralization of the ionomer.  
The desired amounts of organoclay and ionomer were hand-mixed prior to 
extrusion and introduced into the extruder by a single hopper. Precautions were taken to 
minimize the loss of organoclay during extrusion to ensure that the predetermined 
polymer/MMT ratio was maintained. The ashing method commonly used in prior studies 
from this laboratory [31, 44, 45] to determine the amount of montmorillonite in the 
nanocomposite was not employed for these ionomers because the burning of the polymer 
at 900 °C resulted in a hard, yellowish-green coating on the inside of the crucible, 
indicating the formation of complex compounds from the inorganic component of the 
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ionomers. The amount of the residue varied from sample to sample, rendering this 
method useless for quantitative analysis. 
Nanocomposite pellets were dried in a vacuum oven at 50 °C for a minimum of 4 
days prior to injection molding. Tensile specimens (ASTM D638, Type I) and Izod bars 
(ASTM D256) were prepared by an Arburg Allrounder 305-210-700 injection-molding 
machine using a barrel temperature of 200 – 225 °C, a mold temperature of 25 °C, an 
injection speed of 34 mm/s, an injection pressure of 55 – 65 bar, and a holding pressure 
of 50 – 55 bar. After molding, the samples were immediately sealed in polyethylene bags 
and placed in a vacuum desiccator for 21 days prior to testing, unless otherwise specified. 
The results below are reported in terms of the weight percent montmorillonite (MMT) in 
the composites rather than the amount of organoclay because the silicate is the 
reinforcing component. 
Characterization  
Differential scanning calorimetric (DSC) thermograms recorded using a Perkin-
Elmer Model DSC-7, melt rheological characteristics measured using an AR 2000ex 
Rheometer with a parallel plate fixture, and dynamic mechanical analyses of the 
nanocomposites determined using a Rheometric Scientific Dynamic Mechanical Thermal 
Analyzer (DMTA) Mk III were performed on ionomer nanocomposite samples as 
described in more detail in Chapter 6 [42].  
Morphology was examined via a FEI TECNAI G2 F20 X-TWIN TEM operating 
under an accelerating voltage of 200 kV. Ultra-thin sections (~50 nm) for morphological 
analysis were taken from the core portion of an injection molded bar in the plane defined 
by the flow direction (FD) and the normal direction (ND) using an RMC PowerTome XL 
microtome [46]. The nanocomposite samples and the diamond knife were cooled to -
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100 °C and -58 °C, respectively, using liquid nitrogen. Cut sections were collected onto 
400-mesh grids and dried with filter paper. Quantitative particle analysis was performed 
on TEM micrographs to determine the particle length, thickness, and various averages of 
the aspect ratio using the methods described previously [31]. 
Wide angle X-ray scattering (WAXS) scans were performed using a Bruker-AXS 
D8 Advance diffractometer in the reflection mode, using an incident X-ray wavelength of 
0.1541 nm at a scan rate of 3.0°/min over the range of 2θ = 1° to 12°. The skin of the 
major face of the rectangular nanocomposite bars and the organoclay powder were 
scanned [47]. 
Tensile tests and notched Izod impact tests were performed on an Instron model 
1137 machine upgraded for computerized data acquisition, and a TMI Impact tester 
(model 43-02), respectively; a more detailed description is found in Chapter 6 [42]. Data 
reported here are averaged from at least five specimens. As discussed in Chapter 6 [42], 
morphological differences arising from the injection molding process can result in 
significant differences between the Izod impact strength measured at the gate end (the 
end at which the molten polymer enters the mold during injection molding) and the far 
end of the samples. Because significant differences are found between the two ends in 
this work, the Izod impact strength data were averaged from at least five samples each of 
the gate end and of the far end of the bars. In some cases, values from both ends are 
averaged together here for simplicity. 
Particle analysis 
Particle analyses were performed on TEM micrographs at a magnification of 
13.5K. Because of low contrast, TEM images were converted into .jpg format and opened 
in GIMP (GNU Image Manipulation Program). Two tracings in separate, transparent 
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layers were made of particle length and thickness. For nanocomposites with single 
platelets, the thickness of these platelets could not be measured accurately and was 
assigned a thickness of 0.94 nm corresponding to the known results for MMT platelets 
[32, 48]. Each tracing was saved separately in .tif format and imported into the image 
analysis program, SigmaScan Pro, where each particle tracing was assigned a number and 
their characteristic dimensions were measured. Because the numbers assigned in the 
tracing of the length and the tracing of the thickness of the particles do not correspond, 
the particle dimensions must be matched manually. In this work, four different kinds of 
aspect ratios are calculated, i.e., the number and weight averages of the aspect ratios 
calculated for individual particles, 
n
tl /  and 
w
tl / , and ratios of the number and 
weight averages of particle lengths and thicknesses, ( )nn tl /  and ( )ww tl / . To ensure 
statistical validity of the analysis, > 400 particles were counted to measure the length, 
thickness, and aspect ratio. The particle density was estimated by dividing the number of 
particles in a TEM micrograph by the micrograph area.  
RESULTS AND DISCUSSION 
Based on previous work [32, 49, 50], the degree of organoclay exfoliation and, 
hence, the properties of the nanocomposites are affected by the interaction between the 
organoclay and the polymer and to some extent the melt rheology of the matrix polymer 
[51]. This interaction may be affected by the type of neutralizing ion (K+ or Na+) and the 
degree of neutralization. The melt rheology of the polymer also plays a role in organoclay 
exfoliation [51]. Because both the molecular weight of the EMAA precursor and the 
degree of neutralization affect the melt index, it is difficult to make ionomers with 
constant melt indices and varying neutralization levels, or vice versa; thus, it can be 
difficult to determine which variable is responsible for the effects observed The ionomers 
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used in this work allow for some comparisons to be made on ionomers with similar 
neutralization level and different melt indices, or vice versa, as shown in Figure 7.1.  
Morphology 
Transmission electron microscopy 
TEM observations allow for a visual, qualitative assessment of the degree of 
organoclay exfoliation in polymer nanocomposites. Figures 7.2 and 7.3 show 
representative TEM micrographs for K+ and Na+ ionomer nanocomposites with a nominal 
MMT content of 5 wt%. For all the nanocomposites, a mixture of intercalated stacks 
(tactoids) and individual platelets are observed, indicating good, though incomplete, 
organoclay exfoliation. Differences in the extent of organoclay exfoliation are difficult to 
see qualitatively. From the microscopy performed, it appears that the Na+ ionomer 
nanocomposites generally have a greater degree of organoclay orientation than the K+ 
ionomer nanocomposites.  
Particle analysis 
Particle analysis is used to quantify the extent of exfoliation shown in the TEM 
images. The particle analysis results for K+ and Na+ ionomer nanocomposites with ~5 
wt% MMT are listed in Table 7.1. The aspect ratios obtained by averaging the values of 
each particle, 
n
tl /  and 
w
tl / ,  are generally larger than those calculated from the 
ratio of the corresponding average values of length and thickness, ( )nn tl /  and ( )ww tl / . 
The ratio of weight average particle length and thickness, ( )ww tl / , is generally larger 
than the ratio of number average particle length and thickness, ( )nn tl / , while the weight 
average aspect ratio obtained by averaging values of each particle, 
w
tl / , is always 
larger than the corresponding number average ratio, 
n
tl / . These trends generally agree 
with previous reports [32, 49, 52]. 
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(a)     (b)     (c) 
K+ 20 (200)
    
K+ 20 (60)




(d)     (e)     (f) 
K+ 30 (60)
    
K+ 40 (60)
    
K+ 54 (200)
 
Figure 7.2: TEM photomicrographs of selected K+ ionomer nanocomposites with ~5 wt% MMT; the neutralization level and 
precursor melt index (in parentheses) are noted. 
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(a)     (b)     (c) 
Na+ 14 (60)
    
Na+ 16 (25)




(d)     (e) 
Na+ 40 (60)
    
Na+ 51 (60)
 
Figure 7.3: TEM photomicrographs of selected Na+ ionomer nanocomposites with ~5 wt% MMT; the neutralization level and 
precursor melt index (in parentheses) are noted.
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Plots of number average particle lengths (Figures 7.4(a) and 7.5(a)) and 
thicknesses (Fig. 7.4(b) and 7.5(b)) and number average particle aspect ratios (Figures 
7.4(c) and 7.5(c)) as a function of neutralization level are presented for K+ and Na+ 
ionomer nanocomposites containing ~5 wt% MMT. In general, the particle lengths and 
thicknesses increase as the neutralization level increases for K+ ionomer nanocomposites. 
The particle thickness of Na+ ionomer nanocomposites slightly decreases as the 
neutralization level increases and the particle length reaches a maximum at a 
neutralization level of approximately 40%. The particle length and thickness increase 
more rapidly with increasing neutralization for K+ ionomer nanocomposites than for Na+ 
ionomer nanocomposites. The aspect ratio generally increases as the neutralization level 
increases, except for Na+ ionomer nanocomposites with neutralization levels > 50%. The 
aspect ratio of K+ ionomer nanocomposites generally increases as the precursor melt 
index decreases at any given neutralization level. The aspect ratios of the Na+ ionomer 
nanocomposites are generally somewhat higher than those of the K+ ionomer 
nanocomposites, except for neutralization levels > 50%. 
The particle density estimated from TEM images can also be used to quantify the 
extent of organoclay exfoliation. Figures 7.4(d) and 7.5(d) show the particle densities of 
K+ and Na+ ionomer nanocomposites containing ~5 wt% MMT. The particle density of 
K+ ionomer nanocomposites does not show any definitive trends; if anything, it may 
decrease with increasing neutralization. However, the particle density of Na+ ionomer 
nanocomposites clearly increases with increasing neutralization level. The particle 
density at any given neutralization level increases as the precursor melt index decreases. 
In addition, the particle density of Na+ ionomer nanocomposites is generally higher than 
that of the K+ ionomer nanocomposites. Considering both the aspect ratio and the particle 
density, it seems that the Na+ ionomer nanocomposites have higher levels of exfoliation 
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than K+ ionomer nanocomposites. This result may be due to differences in the ionic 
group morphology and the interactions between the ionic groups and the organoclay 
between the K+ and the Na+ ionomer nanocomposites.  
The particle length and aspect ratio for Na+ ionomer nanocomposites with > 50% 
neutralization are lower than those of Na+ ionomer nanocomposites with lower 
neutralization levels, possibly due to increased particle breakup and lower numbers of 
overlapping particles. The high particle densities for these nanocomposites indicate that 





































































































































Figure 7.4: The effect of neutralization level on (a) particle length, (b) particle thickness, 
(c) number average aspect ratio, and (d) particle density for K+ ionomer nanocomposites 
























































































































Figure 7.5: The effect of neutralization level on (a) particle length, (b) particle thickness, 
(c) number average aspect ratio, and (d) particle density for K+ ionomer nanocomposites 
at a fixed MMT content of ~5 wt%. 
Wide angle X-ray scattering 
WAXS is commonly used to characterize the exfoliation of nanocomposites. 
WAXS scans of the neat organoclay (M2(HT)2) and of the skin portion of selected K+ and 
Na+ ionomer nanocomposites with ~5% MMT are shown in Figure 7.6. Table 7.2 shows 
the d-spacings calculated from the d001 peak positions. The scans of Na+ ionomer 
nanocomposites with low neutralization levels (< 30%) have distinctive peaks shifted to 
lower angles and higher d-spacings, indicating polymer intercalation into the clay 
galleries. Na+ ionomer nanocomposites with higher neutralization levels show no clear 
peaks, though there are hints of curvature at lower angles than the neat organoclay peak 
position. These results suggest that increasing neutralization level leads to improved 




















































Figure 7.6: WAXS scans for the pristine M2(HT)2 organoclay and selected 
nanocomposites containing ~5 wt % MMT formed from K+ (a) and Na+ (b) ionomers. 
The curves are vertically shifted for clarity. 
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Table 7.2: Comparison of d-spacings of various Na+ ionomer nanocomposites 
Polymer Matrix Organoclay d-spacing (d001, nm) 
 
Na+ N=14% Precursor MI=60 
Na+ N=16% Precursor MI=25 







The scans for the neat organoclay show one basal reflection due to the random 
orientation of the organoclay platelets in the powder, while scans of Na+ ionomer 
nanocomposites show higher order reflections, indicating a high degree of orientation of 
the clay platelets [41, 53]. The K+ ionomer nanocomposite scans show no basal spacing 
peaks. Although this result suggests a highly exfoliated structure, it may also result from 
less alignment of the platelets within the tactoids or from less alignment of the tactoids in 
the flow direction. It appears both from WAXS and TEM analysis that the Na+ ionomer 
nanocomposites have higher levels of particle orientation in the flow direction. The 
WAXS results give only limited information about morphology and TEM, though 
providing a clearer understanding of exfoliation levels, examines only a small volume 
and may not be representative of the nanocomposite as a whole. Therefore, bulk 
rheological and mechanical properties were measured to complement the TEM and 
WAXS analyses [49, 52].  
Rheological properties 
The melt rheological properties of nanocomposites provide fundamental insights 
into the processability and morphology of these materials. Viscoelastic measurements are 
highly sensitive to the nanoscale and mesoscale structure of the nanocomposites and 
appear to be a powerful method to probe the state of dispersion in such materials [49, 54-
56]. Figure 7.7 shows the rheological properties for selected K+ and Na+ ionomers and 
the corresponding nanocomposites with ~5 wt% MMT. The nanocomposites show 
increased complex viscosity compared to the neat polymer, especially at low frequencies, 
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indicating the formation of a percolated network superstructure of the exfoliated platelets 
and tactoids. The complex viscosity of the Na+ ionomer nanocomposites increases more 
with MMT addition than the K+ ionomer nanocomposites, indicating that Na+ ionomer 
nanocomposites have a higher level of exfoliation.  
Figure 7.8 shows the ratio of the complex viscosity of the nanocomposites with 
~5 wt% MMT to that of the ionomer versus the neutralization level for selected K+ and 
Na+ ionomers at a frequency of 1 rad/s, clearly demonstrating that MMT addition has a 
greater effect on the viscosity of Na+ ionomers. The lower rheological properties of the 
K+ ionomers may also be due in part to a plasticization effect due to residual water not 
removed by the drying processes. The viscosity improvement with MMT addition 
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Figure 7.7: Complex viscosity for selected K+ (a) and Na+ (b) neat ionomers (filled) and 
ionomer nanocomposites with ~5 wt% MMT (unfilled) at 200 °C. 
Frequency = 1 rad/s
Neutralization Level (%)

























Figure 7.8: Ratio of the complex viscosity of nanocomposites with ~5 wt% MMT to that 
of the ionomer versus the neutralization level for selected K+ (filled) and Na+ (unfilled) 
ionomers at 200 °C. 
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Differential scanning calorimetry 
Typical DSC thermograms of K+ and Na+ ionomer nanocomposites with ~5 wt% 
MMT measured 21 days after high temperature annealing (205-230 °C) are shown in 
Figure 7.9. The DSC scans reveal a low temperature (Ti) peak (42 – 50 °C) and a high 
temperature (Tm) peak (87 – 95 °C) associated with the melting of the secondary and 
primary crystallites, respectively. The Ti and the associated enthalpy (ΔHi) increase for 
both ionomer types with increasing neutralization. The Ti of the Na+ ionomer 
nanocomposites is typically higher than that of K+ ionomer nanocomposites. The Tm, 
however, decreases with increasing neutralization level for both ionomer types. The 
enthalpy change for the Tm peak (ΔHm) increases with increasing neutralization for K+ 
ionomer nanocomposites; there is no clear trend for the Na+ ionomer nanocomposites. 
These results indicate that the crystallization level increases with increasing 
neutralization level. These trends generally agree well with those found for the neat 
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Figure 7.9: DSC thermograms of selected K+ (a) and Na+ (b) ionomer nanocomposites 
with ~5 wt% MMT, a precursor melt index of 60 g/10 min, and various levels of 
neutralization (%N) measured 21 days after high temperature annealing. The curves are 
vertically shifted for clarity. 
The ratios of the ΔHi and the ΔHm of the nanocomposites with ~5 wt% MMT to 
that of the neat K+ and Na+ ionomers are shown in Figure 7.10. The Na+ ionomer 
nanocomposites have larger increases or smaller decreases in the ΔH values as compared 
to the neat ionomers than the K+ ionomer nanocomposites. The ΔHm of the Na+ ionomer 
nanocomposites increases by an average of 2.9 J/g upon addition of 5 wt% MMT, while 
that of the K+ ionomer nanocomposites decreases by an average of 6.5 J/g, for example, 
indicating that the level of crystallinity in the Na+ ionomers generally increases slightly 
with the addition of MMT, while the level of crystallinity in the K+ ionomers decreases 
slightly with the addition of MMT. The organoclay may have opposing effects on 
crystallinity: clay particles may increase crystallization by acting as crystal nucleation 
sites, or clay platelets may impede crystal growth by imposing restrictions on the polymer 
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chains [57, 58]. The clay generally appears to increase the crystallinity in the Na+ 
ionomers and decrease the crystallinity in the K+ ionomers. The decrease in crystallinity 
in the K+ ionomers may also be related to a plasticization effect of the residual water not 
removed in the drying processes. The ΔH ratios generally decrease with increasing 
neutralization level, though the ΔHm ratio of the K+ ionomers increases with increasing 
neutralization level.  
The differences between the peak temperatures of the nanocomposites with ~5 
wt% MMT and the neat K+ and Na+ ionomers are shown in Figure 7.11. The Ti decreases 
upon MMT addition in almost all cases and decreases to a greater extent for the K+ 
ionomers. This reduction in Ti may result from a decrease in crystallite size due to the 
increase in nucleation sites [57]. The Tm generally increases somewhat upon MMT 
addition and increases to a greater extent for the Na+ ionomers. No clear trends are seen 







































































Figure 7.10: The ratios of the ΔHi (a) and the ΔHm (b) of the nanocomposites with ~5 



































































Figure 7.11: The differences between the Ti (a) and the Tm (b) of the nanocomposites 
with ~5 wt% MMT and the neat K+ (filled) and Na+ (unfilled) ionomers. 
Mechanical properties 
Figure 7.12 shows representative stress-strain curves for selected K+ and Na+ 
ionomer nanocomposites. The curves of both ionomer types show distinct yield points 
and strain hardening after yield for the neat ionomers and for some nanocomposites with 
< 5 wt% MMT. All the nanocomposites studied show high post-yield plastic 
deformation, though the extent of plastic deformation decreases as the MMT content 
increases in most cases. The stress at most strain levels increases with increasing MMT 

























































































































Figure 7.12: Stress-strain diagrams for nanocomposites based on selected neat K+ (a) and 
(b) and Na+ (c) and (d) ionomers at a crosshead speed of 5.1 cm/min. 
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Of the various mechanical properties, the tensile modulus provides the best 
indicator of organoclay exfoliation [1]. Because the moduli of the neat ionomers (Em) 
with different degrees of neutralization and melt indices vary, examining the relative 
moduli (E/Em) provides more useful comparisons. Figure 7.13 shows the effect of MMT 
concentration on the relative modulus of selected K+ and Na+ ionomer nanocomposites 
with various neutralization levels and a precursor melt index of 60 g/10 min. As 
expected, increasing the MMT content results in significantly increased relative moduli 
for all ionomers studied. The Na+ ionomer nanocomposites have a significantly higher 
improvement in relative modulus with increasing MMT content than the K+ ionomer 
nanocomposites. The improvement in relative modulus with increasing MMT content for 
K+ ionomer nanocomposites increases as the neutralization level of the ionomer 
increases. The improvement in relative modulus with increasing MMT content for Na+ 
ionomer nanocomposites, however, is higher for ionomers with neutralization levels < 
30% than that of ionomers with neutralization levels > 30%.  
Precursor MI = 60
Wt % MMT































Figure 7.13: Relative modulus of selected K+ and Na+ ionomer nanocomposites as a 
function of MMT content. 
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To better understand the effect of the ionomer matrix, the relative modulus is 
plotted versus the neutralization level for K+ and Na+ ionomer nanocomposites with ~5 
wt% MMT in Figure 7.14. Other clay loadings give similar trends. The relative modulus 
of K+ ionomer nanocomposites increases as the degree of neutralization increases. 
Generally, the relative modulus also increases as the precursor melt index decreases at 
any given neutralization level.  The relative moduli of Na+ ionomer nanocomposites are 
higher than the relative modulus of K+ ionomer nanocomposites at all neutralization 
levels and precursor melt indices. The higher exfoliation levels measured by the aspect 
ratios and the particle densities and the higher orientation indicated by TEM and WAXS 
partly explain the higher relative moduli of the Na+ ionomer nanocomposites. The larger 
improvement in the Na+ ionomer nanocomposites is also likely due, at least in part, to the 
increased crystallinity of the Na+ ionomers and the decreased crystallinity of the K+ 




























































200 (Cui et al.[41])
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Figure 7.14: Effect of neutralization level on the relative modulus of K+ (a) and Na+ (b) 
ionomer nanocomposites used in this study and those reported by Cui et al. [41]. at a 
fixed MMT content of ~5 wt%. The relative modulus for the EMAA with a MI of 25 g/10 
min [41] is shown for reference. 
As the neutralization level increases, the relative modulus of Na+ ionomer 
nanocomposites increases slightly at low degrees of neutralization and then decreases 
slightly at higher degrees of neutralization. The lower relative moduli for the Na+ 
ionomer nanocomposites with neutralization levels > 50% is likely due to the lower 
aspect ratio of these nanocomposites. In addition, the moduli of the neat Na+ ionomers 
are higher than those of the neat K+ ionomers at neutralization levels > 50%. The 
precursor melt index does not appear to significantly affect the relative modulus at any 
given neutralization level, partly because of the narrower range of Na+ ionomer melt 
indices as compared to that of the K+ ionomers. The lower values reported by Cui et al. 
[41] can be attributed to the higher melt indices of the ionomers and the shorter time 
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between molding and testing of the samples (minimum of 24 h versus 21 days) that 
causes significant morphological changes resulting from secondary crystallization as 
discussed in Chapter 6 [42]. The relative modulus of the EMAA, shown as a reference, is 
higher than that of the ionomer nanocomposites because the modulus of the neat EMAA 
is significantly lower than that of the neat ionomers [41].  
Figure 7.15 shows the relative moduli for nanocomposites with ~5 wt% MMT 
plotted against the aspect ratios, 
n
tl / , obtained from TEM images. In general, the 
relative modulus increases as the aspect ratio increases. The relative modulus of the K+ 
ionomer nanocomposites increases at a higher rate than that of the Na+ ionomer 
nanocomposites with increasing aspect ratio, while the Na+ ionomer nanocomposites 
have significantly higher relative moduli than the K+ ionomer nanocomposites at all 
aspect ratios. These trends are due likely in part to the differences in crystallinity, particle 
density, and particle orientation discussed above.  
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Figure 7.15: Relative modulus versus the number average aspect ratio for K+ and Na+ 
ionomer nanocomposites at a fixed MMT content of ~5 wt%. 
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Figure 7.16 shows the effect of MMT concentration on the elongation at break of 
selected K+ and Na+ ionomer nanocomposites with various precursor melt indices and 
neutralization levels. In general, the ductility decreases as the MMT content increases. 
However, the elongation at break of some ionomers with neutralization levels > 40% 
increases slightly with the addition of MMT, reaches a maximum between 2.5 and 5 wt% 
MMT, and then decreases upon further organoclay addition. All the nanocomposites 
remain very ductile (> 70% elongation at break). The elongation at break data of K+ and 
Na+ ionomer nanocomposites with ~5 wt% MMT are plotted versus the neutralization 
level in Figure 7.17. The elongation at break decreases as the neutralization level 
increases for both ionomer types, reflecting the increasing volumetric concentration of 
the ionic aggregates and the stronger interactions between the ionic groups. The 
elongation at break of the Na+ ionomer nanocomposites is generally somewhat lower than 
that of the K+ ionomer nanocomposites. Other clay loadings give similar trends. These 
trends mimic the results for the neat ionomers discussed in Chapter 6 [42]. 
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Figure 7.16: Elongation at break of selected K+ and Na+ ionomer nanocomposites as a 

























































Figure 7.17: Effect of neutralization level on the elongation at break of K+ (a) and Na+ (b) 
ionomer nanocomposites used in this study at a fixed MMT content of ~5 wt%. 
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Fracture toughness measured by the Izod impact strength is an important property 
for some applications. Polymer nanocomposites based on polyolefins have been reported 
to have different impact values for the gate end and far end of injection-molded Izod bars 
[23, 31, 41, 59]. The Izod impact strength measured at the gate and far ends of selected 
K+ and Na+ ionomer nanocomposites with various precursor melt indices and 
neutralization levels is plotted versus the wt% MMT in Figure 7.18. For the neat 
polymer, the fracture energy of the gate end is generally lower than that of the far end as 
discussed in Chapter 6 [42]. Upon organoclay addition, however, the impact strength of 
the gate end tends to be higher than that of the far end. These trends may be explained by 
differences in the molecular orientation, crystal orientation, percent crystallinity, ion 
cluster morphology, and organoclay platelet orientation. The fracture energy of most of 
the ionomers increases with the addition of MMT, reaches a maximum between 2.5 and 5 
wt% MMT, and then decreases upon further organoclay addition. This phenomena, 
consistent with previous reports [39, 41, 60], results from the opposing effects of 
increased stiffness (or yield stress) and reduced ductility.  
The Izod impact strength data of K+ and Na+ ionomer nanocomposites with ~5 
wt% MMT are plotted versus the neutralization level in Figure 7.19; the values from the 
gate and far ends are averaged together for simplicity. The impact strength of both ion 
types increases with decreasing melt index at any given neutralization level; there appears 
to be no significant trend with increasing neutralization level. The fracture energy of the 
Na+ ionomer nanocomposites is generally higher than that of the K+ ionomer 
nanocomposites due to the higher modulus of these materials. Other clay loadings give 
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Figure 7.18: Izod impact strength of selected K+ and Na+ ionomer nanocomposites as a 
function of MMT content measured at the gate (a) and far (b) ends; the neutralization 































































Figure 7.19: Effect of neutralization level on the average Izod impact strength of K+ (a) 
and Na+ (b) ionomer nanocomposites used in this study at a fixed MMT content of ~5 
wt%.  
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Dynamic mechanical properties 
Dynamic mechanical properties of K+ and Na+ ionomer nanocomposites with 
40% neutralization are shown in Figures 7.20 and 7.21, respectively. The relaxation 
denoted by the decrease in E’ and the peaks in E’’ and tan δ that occur in the vicinity of 
the Ti seen by DSC does not shift significantly as the degree of neutralization increases. 
The storage modulus, E’, and the loss modulus, E’’, increase at all temperatures for both 
ionomer types with increasing MMT. The Na+ ionomer nanocomposites show greater 
improvements in E’ and E’’ with MMT addition than the K+ ionomer nanocomposites. 
The tan δ peak that occurs in the vicinity of the Ti decreases in amplitude as the MMT 













































































Figure 7.20: Storage modulus, E′, (a), loss modulus, E″, (b), and tan δ (c) for a selected 











































































Figure 7.21: Storage modulus, E′, (a), loss modulus, E″, (b), and tan δ (c) for a selected 
Na+ ionomer nanocomposites. 
The heat distortion temperature (HDT) at a stress level of 8.3 MPa can be 
approximated as the temperature at which the log(E’) = 8.3 (or E’ = 0.45 MPa) [61-63]. 
The addition of MMT results in increased HTD in all cases.  The HDT increases to a 
greater extent with MMT addition for Na+ ionomer nanocomposites than for K+ ionomer 
nanocomposites. 
CONCLUSION 
The effects of the degree of neutralization of the acid groups and, to some extent, 
the precursor melt index on the extent of organoclay exfoliation and the properties of 
nanocomposites based on Na+ and K+ EMAA ionomers are examined. WAXS and TEM 
coupled with detailed particle analysis show good, though incomplete, organoclay 
exfoliation. The aspect ratio generally increases as the neutralization level increases, 
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except for Na+ ionomer nanocomposites with neutralization levels > 50%. The particle 
density of Na+ ionomer nanocomposites increases with increasing neutralization level and 
is generally higher than that of the K+ ionomer nanocomposites. Considering both the 
aspect ratio and the particle density, it seems that the Na+ ionomer nanocomposites have 
higher levels of exfoliation than K+ ionomer nanocomposites. It appears from both 
WAXS and TEM analyses that the Na+ ionomer nanocomposites have higher levels of 
particle orientation in the flow direction, possibly due to differences in the ionic group 
morphologies of the K+ and Na+ ionomers.  
DSC results indicate that the Ti, ΔHi, and ΔHm generally increase, while the Tm 
decreases with increasing neutralization level. The Na+ ionomer nanocomposites have 
larger increases or smaller decreases in the ΔH values as compared to the neat ionomers 
than the K+ ionomer nanocomposites, indicating that the level of crystallinity in the Na+ 
ionomers generally increases slightly with the addition of MMT, while the level of 
crystallinity in the K+ ionomers decreases slightly with the addition of MMT. It appears 
that the crystal nucleation effect of the clay particles is dominant for the Na+ ionomers, 
while the crystal growth retardation of the clay platelets is dominant for the K+ ionomers.  
The relative modulus significantly increases with increasing MMT content for all 
ionomers studied. The relative modulus of K+ ionomer nanocomposites increases as the 
degree of neutralization increases. The relative moduli of Na+ ionomer nanocomposites 
are higher than the relative modulus of K+ ionomer nanocomposites, likely due to the 
higher exfoliation levels measured by the aspect ratios and the particle densities, the 
higher particle orientation indicated by TEM and WAXS, and the increased crystallinity 
of the Na+ ionomers and the decreased crystallinity of the K+ ionomers upon addition of 
MMT. In general, the relative modulus increases as the aspect ratio increases.  
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The elongation at break generally decreases as the MMT content increases and as 
the neutralization level increases for both ionomer types, but all the nanocomposites 
examined remain very ductile. The elongation at break of the Na+ ionomer 
nanocomposites is generally somewhat lower than that of the K+ ionomer 
nanocomposites. The fracture energy of most of the ionomers increases with the addition 
of MMT, reaches a maximum between 2.5 and 5 wt% MMT, and then decreases upon 
further organoclay addition. The impact strength increases with decreasing melt index at 
any given neutralization level for both ion types. The fracture energy of the Na+ ionomer 
nanocomposites is generally higher than that of the K+ ionomer nanocomposites. The 
complex viscosity, loss modulus, and storage modulus of the Na+ ionomer 
nanocomposites increase more with MMT addition than the K+ ionomer nanocomposites, 
indicating that Na+ ionomer nanocomposites have higher levels of organoclay exfoliation.  
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Chapter 8: Conclusions and recommendations 
CONCLUSIONS 
This project addressed a number of fundamental issues associated with the melt 
processing of polymer nanocomposites to better understand the exfoliation process. The 
major focus of this project was to improve the organoclay exfoliation in non-polar 
polyolefin matrices. Various compatibilizers, such as maleated polyolefins, and various 
organoclay types were examined. Another major part of this dissertation was modeling 
these nanocomposites using novel approaches to improve the understanding of these 
systems.  
Although polymer nanocomposites have been made from many polymers, few 
matrices, especially non-polar matrices, have achieved the high exfoliation levels seen 
with nylon 6. Considerable efforts have been made to improve organoclay exfoliation in 
hydrophobic polyolefins. Maleated polypropylene and maleated polyethylene have 
commonly been used as compatibilizers.  
Nanocomposites formed from blends of HDPE and HDPE-g-MA and M2(HT)2 
organoclay were melt processed to explore the extent of exfoliation and the mechanical 
properties over the entire range of matrix composition. WAXS and TEM show drastic 
improvements in exfoliation with initial amounts of HDPE-g-MA while further addition 
of HDPE-g-MA gives little visible change. Particle analysis, however, shows that the 
fraction of single platelets increases at a steady rate for nanocomposites with HDPE-g-
MA contents ≥25%. As the HDPE-g-MA content increases, particle aspect ratio initially 
increases drastically, reaches a maximum, and slightly decreases, due to the particle 
thickness limit of a single platelet (0.94 nm).  
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Similarly, the relative modulus initially improves significantly with increased 
levels of HDPE-g-MA, while greater HDPE-g-MA content only gives a slight increase. 
The slight increase in relative modulus in spite of a slight decrease in aspect ratio might 
be due to the decreased modulus of the matrix, facilitating improvements in relative 
modulus. Modulus increases and Izod impact strength decreases as MMT levels increase, 
for all HDPE-g-MA levels. Fracture energy reaches a maximum at low HDPE-g-MA 
levels, decreases below the value for the pure HDPE nanocomposite, and levels off at 
higher HDPE-g-MA content. Initially, adding HDPE-g-MA to the matrix results in 
significantly improved exfoliation and properties. Further addition of HDPE-g-MA, 
however, lowers the matrix properties enough to offset the benefits of enhanced 
matrix/organoclay interactions.  
Because of the different reinforcement effects of partially exfoliated organoclay 
tactoids and single platelets, particle analysis was also performed on these two 
populations separately. A composite model based on the Mori-Tanaka theory was 
developed to treat organoclay tactoids and single platelets as two separate types of fillers. 
This two population Mori-Tanaka model gives rather good quantitative agreement 
between the predicted values of modulus calculated from the TEM results and that 
measured experimentally. 
Nanocomposites formed from PP and PP/PP-g-MA (mass PP-g-MA/mass 
organoclay = 1) and M2(HT)2 and s-M2(HT)2 organoclays were melt processed to explore 
the extent of exfoliation and the mechanical, rheological, and thermal expansion 
properties. WAXS and TEM coupled with detailed particle analysis were used to 
determine the effect of the organoclay used and the PP-g-MA compatibilizer on 
exfoliation. The PP/s-M2(HT)2 nanocomposites have higher particle densities than the 
PP/M2(HT)2 nanocomposites though the aspect ratio remains the same. The platelet 
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dispersion is significantly improved by using PP-g-MA compatibilizer for both 
organoclays. Nanocomposites with s-M2(HT)2 have less agglomeration than M2(HT)2 
nanocomposites. In general, nanocomposites produced with downstream organoclay 
feeding, with no turbine mixing elements in the screw design, and at high shear rates 
have lower agglomeration. The rheological properties and the relative modulus improve 
for the PP/s-M2(HT)2 nanocomposites but not to the same degree as either organoclay in 
a PP-g-MA compatibilized matrix. The elongation at break decreases with the addition of 
MMT and the addition of PP-g-MA accelerates this decrease for both organoclays. No 
meaningful trends were found for the Izod impact strength due to the brittle nature of the 
PP and the large standard deviations observed. The thermal expansion properties, 
however, are not improved by using the s-M2(HT)2 organoclay. The silanized organoclay 
nanocomposites show mostly improved properties compared to the non-silanized 
precursor nanocomposites, though the improvements were less than those observed for 
PP-g-MA compatibilized nanocomposites.  
The Mori-Tanaka, Lee, and Chow composite models were used to predict the 
modulus and CTE of PP/PP-g-MA/MMT nanocomposites and PP/EOR blends. The 
Mori-Tanaka and Chow model predictions best match the experimental trends. Although 
the predictions for PP/PP-g-MA/MMT nanocomposites using a tactoid modulus of 70.6 
GPa overestimate the modulus and underestimate the CTE in the FD, an adjusted ETact of 
32 GPa matches the experimental data well. The predictions for PP/EOR blends 
overestimate the modulus and underestimate the CTE in the FD. In both systems, the 
predictions underestimate the CTE in the ND, suggesting the Chow model does not 
adequately capture the constraining effects of the MMT on the matrix and of the PP 
matrix on the EOR. 
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Various ternary-phase approaches were used to predict the modulus and CTE of 
PP/PP-g-MA/EOR/MMT nanocomposites. A multiplicative approach, wherein the 
contribution of the clay is calculated first and the nanocomposite is then considered to be 
the matrix for the elastomer blend, best matches the experimental trends. The models 
better capture the effects of the MMT than those of the EOR.  
Models predicting the effect of the MMT tactoids on the experimental TPO or the 
effect of the EOR particles on the experimental nanocomposites were also used. The 
TPO/tactoid approach that predicts the effect of the MMT tactoids on the experimental 
TPO best matches the experimental trends. This TPO/tactoid model gives rather good 
quantitative agreement between the predicted values of modulus and CTE calculated 
using the experimentally determined aspect ratios and those measured experimentally for 
TPO nanocomposites. 
The effects of the degree of neutralization of the acid groups and, to some extent, 
the precursor melt index on the properties of Na+ and K+ ethylene methacrylic acid 
(EMAA) ionomers were examined. DSC and modulus results indicate that the physical 
ageing effect due to secondary crystallization generally plateaus after 21 days after melt 
processing. K+ ionomers absorb more water than Na+ ionomers, and water absorption has 
a plasticization effect on the ionomers. DSC results indicate that the Ti, ΔHi, and ΔHm 
increase, while the Tm decreases with increasing neutralization level. These results 
indicate that crystallization increases with increased neutralization. The mechanical 
relaxation seen by DMA in the vicinity of the Ti shifts to higher temperatures as the 
neutralization level increases. The effects of precursor melt index are not as significant.  
The complex viscosity, storage modulus, and loss modulus increase dramatically 
with decreasing precursor melt index. The rheological properties also increase as the 
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neutralization level increases to a lesser extent. The Na+ ionomers have somewhat higher 
rheological properties than the K+ ionomers.  
The ionomer modulus and yield strength increase with increasing neutralization 
level up to 40% neutralization and then plateau or slightly decrease with further 
neutralization. The plateaus/maxima may be the result of an optimal spacing of alkaline 
ions and carboxyl groups within ionic groups at neutralization levels near 33%. The 
elongation at break decreases with increasing neutralization. The precursor melt index 
and the neutralization level appear to affect both the elongation at break and the melt 
index of the ionomers similarly, resulting in a good correlation between the ionomer melt 
index and the elongation at break. The elongation at break of the K+ ionomers is 
generally higher that that of the Na+ ionomers. The impact strength decreases with 
increasing neutralization level. The modulus, yield stress, and impact strength are 
generally lowest for the ionomers with the highest precursor melt index. 
The effects of the degree of neutralization of the acid groups and, to some extent, 
the precursor melt index on the extent of organoclay exfoliation and the properties of 
nanocomposites based on Na+ and K+ EMAA ionomers were also examined. WAXS and 
TEM coupled with detailed particle analysis show good, though incomplete, organoclay 
exfoliation. The aspect ratio generally increases as the neutralization level increases, 
except for Na+ ionomer nanocomposites with neutralization levels > 50%. The particle 
density of Na+ ionomer nanocomposites increases with increasing neutralization level and 
is generally higher than that of the K+ ionomer nanocomposites. Considering both the 
aspect ratio and the particle density, it seems that the Na+ ionomer nanocomposites have 
higher levels of exfoliation than K+ ionomer nanocomposites. It appears from both 
WAXS and TEM analyses that the Na+ ionomer nanocomposites have higher levels of 
 228
particle orientation in the flow direction, possibly due to differences in the ionic group 
morphologies of the K+ and Na+ ionomers.  
DSC results indicate that the Ti, ΔHi, and ΔHm generally increase, while the Tm 
decreases with increasing neutralization level. The Na+ ionomer nanocomposites have 
larger increases or smaller decreases in the ΔH values as compared to the neat ionomers 
than the K+ ionomer nanocomposites, indicating that the level of crystallinity in the Na+ 
ionomers generally increases slightly with the addition of MMT, while the level of 
crystallinity in the K+ ionomers decreases slightly with the addition of MMT. It appears 
that the crystal nucleation effect of the clay particles is dominant for the Na+ ionomers, 
while the crystal growth retardation of the clay platelets is dominant for the K+ ionomers.  
The relative modulus significantly increases with increasing MMT content for all 
ionomers studied. The relative modulus of K+ ionomer nanocomposites increases as the 
degree of neutralization increases. The relative moduli of Na+ ionomer nanocomposites 
are higher than the relative modulus of K+ ionomer nanocomposites, likely due to the 
higher exfoliation levels measured by the aspect ratios and the particle densities, the 
higher particle orientation indicated by TEM and WAXS, and the increased crystallinity 
of the Na+ ionomers and the decreased crystallinity of the K+ ionomers upon addition of 
MMT. In general, the relative modulus increases as the aspect ratio increases.  
The elongation at break generally decreases as the MMT content increases and as 
the neutralization level increases for both ionomer types, but all the nanocomposites 
examined remain very ductile. The elongation at break of the Na+ ionomer 
nanocomposites is generally somewhat lower than that of the K+ ionomer 
nanocomposites. The fracture energy of most of the ionomers increases with the addition 
of MMT, reaches a maximum between 2.5 and 5 wt% MMT, and then decreases upon 
further organoclay addition. The impact strength of both ion types increases with 
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decreasing melt index at any given neutralization level. The fracture energy of the Na+ 
ionomer nanocomposites is generally higher than that of the K+ ionomer nanocomposites. 
The complex viscosity, loss modulus, and storage modulus of the Na+ ionomer 
nanocomposites increase more with MMT addition than the K+ ionomer nanocomposites, 
indicating that Na+ ionomer nanocomposites have higher levels of organoclay exfoliation. 
RECOMMENDATIONS 
Silane coupling agent optimization 
The properties of silanized organoclay nanocomposites are mostly improved 
compared to those of the non-silanized precursor nanocomposites, though the 
improvements were less than those observed for PP-g-MA compatibilized 
nanocomposites. The trimethoxyphenyl silane coupling agent used is likely not optimal 
for this system. Other silane coupling agents might produce more significant 
improvements in exfoliation and, thus, reinforcement [1]. Silanes with a long alkyl group, 
such as octadecyltrimethoxy silane, likely interact more favorably with the hydrophobic 
PP matrix.  
Ionic aggregate structure of potassium ionomers 
The use of potassium-neutralized ethylene ionomers has been found to yield an 
ionomer with a high-surface conductivity, unlike those neutralized with sodium or zinc 
[2]. The authors hypothesized that the higher water absorption of the potassium-
neutralized materials at constant relative humidity led to the higher surface conductivity. 
Although this explanation is consistent when comparing potassium and zinc ionomers; 
the difference between the water absorption of the potassium ionomer was only a factor 
of two higher than the sodium ionomer at a constant relative humidity while the surface 
conductivity was five orders of magnitude larger. In addition, at the same water content 
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(different relative humidities), the potassium-neutralized material had substantial surface 
conductivity, while the sodium-neutralized material did not. Thus, the disparity in water 
content does not appear to explain the high surface conductivity of the potassium-
neutralized materials. 
It is possible that the morphology of the ionic groups plays a role in the surface 
conductivity of the potassium ionomers. Extended X-ray absorption fine structure 
(EXAFS) is a tool that can be used to probe the ionic group morphology. This technique 
has been used by Grady et al. for zinc-neutralized ethylene ionomers [3-7]. Although 
beset by experimental difficulties because of sodium’s low atomic number (and hence 
low x-ray energies), Grady et al. also reported a poorly-ordered structure for sodium 
ionomers that depended highly on the neutralization level [8], though the data quality was 
extremely poor. The poor quality of the data may be the result of the inherent difficulties 
at working at the low x-ray energies required for the sodium-neutralized materials (due to 
the low atomic number of sodium) or of the high level of disorder in the arrangement of 
atoms around sodium.  
Because potassium has a higher atomic number, EXAFS can be performed on 
these materials using a standard energy x-ray beam. Such experiments would enable the 
determination of the aggregate structure of potassium-neutralized ionomers as a function 
of neutralization level and water content. If the structure is well-ordered, then the 
structure of the aggregate can be determined both by comparison with computer models 
and via the measurement of small-molecule compounds (e.g. potassium acetate). 
Knowledge of the ionic aggregate structure would be useful in the study of potassium 
ionomer materials and may help explain their exceptional surface conductivity.  
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This technique may also be applied to potassium ionomer nanocomposites to help 
determine the role of the ionic groups in the exfoliation of the organoclay and the effect 
of the organoclay on the ionic aggregate structure.  
Comparison of composite models with numerical simulations 
Gusev et al. have developed numerical simulation tools (such as the PALMYRA 
software now sold by MatSim) for predicting the mechanical and thermal properties of 
composite systems possessing complex morphologies [9, 10]. These realistic numerical 
simulations provide quantitative predictions that can determine the optimum composite 
material and product designs. These simulations are more computationally intense, more 
time-intensive, and more expensive than the simple closed-form composite theory based 
models employed in this dissertation (Mori-Tanaka, Halpin-Tsai, Chow, etc.). Thus, such 
composite theory models enable the rapid examination of a wide range of parameter 
values to obtain qualitative and semi-quantitative predicted trends. The results can then 
focus subsequent more accurate numerical simulations. 
The composite systems examined in this dissertation can be modeled using a 
numerical simulation tool (such as PALMYRA) that can realistically reflect the 
nanocomposite morphology. The morphological, mechanical, and thermal expansion 
results discussed in this dissertation can be used to set up the appropriate numerical 
simulations. Comparing the numerical simulation results with the modeling results 
presented herein may increase the understanding of the strengths and weaknesses of the 
composite theory models and offer insight into how these models can be improved. 
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Pertinent parameters used in the Mori-Tanaka and Lee models are 
 25411 2)( BBBDA −+=  (1) 
 )()1( 54212 BBBDA +−+=  (2) 
 3113 BDBA −=  (3) 
 2114 2)1( BBDA −+=  (4) 
 )()1( 5415 BBDA −−=  (5) 
 )(2 54132 BBBBBA +−=  (6) 
and 
 )2)(1( 221111111211 SSDDDB +−++= φφ  (7) 
 ))(1( 223322221122132 SSSDDB ++−++= φφ  (8) 
 ])1()[1( 22111111133 SDSDB ++−++= φφ  (9) 
 ))(1( 2233222211122214 SSDSDDB ++−++= φφ  (10)
 ))(1( 223312222112235 SDSSDB ++−++= φφ  (11)
and 
 )()(211 mfmfD λλμμ −−+=  (12)
 )()2(2 mfmmD λλμλ −+=  (13)
 )(3 mfmD λλλ −=  (14)
 3)()(24 −−−−= mfmfD λλμμ  (15)
where λm and μm and λf and μf are the Lamé constants of the matrix and the filler, 
respectively, and S is Eshelby’s tensor (see Appendix B). The Lamé constants for 












The components of Eshelby’s tensor, Sijkl, are given below. 
















































































































































































































































































 [ ]2/1212/32 )1(cos)1( aaaa
ag −−
−
= −  (28)






in the case of fibers where a > 1. 
Appendix C 
The bulk and shear moduli for isotropic materials are related to the Young’s 




































 imfi bkkK )1)(1(1 φ−−+=  (34)
 imfi cG )1)(1(1 φμμ −−+=  (35)
 φφ +−−+= imfi bkkK )1)(1(1
~  (36)
 φφμμ +−−+= imfi cG )1)(1(1
~  (37)
where 
 RIQb )1(2321 −−=  (38)
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for a > 1. 



































 Appendix D 
Table D.1: Screw Configuration Descriptions 









209165 Low Shear 7 0 0 0 
221134 High Shear-TME 13 2 1 0 
221146 Medium Shear - TME 9 1 4 0 
221122 Eccentric Ring - TME 4 2 4 6 
221169 1 TME  1 1 4 0 
221159 2 TME 1 2 8 0 
221177 Low Shear 8 0 0 0 
221186 Medium Shear 10 1 0 0 
221191 High Shear 13 1 0 0 
UT Haake Extruder 4 2 0 0 
 
Table D.2: Agglomeration particle count results for nanocomposites made on the Haake 
extruder with ~3 wt% MMT 
Polymer Matrix Organoclay Feed Location a Particle Count 
PP M2(HT)2 1 17 
PP/PP-g-MA M2(HT)2 1 14 
PP s-M2(HT)2 1 16 
PP/PP-g-MA s-M2(HT)2 1 28 
a 1 = Upstream 
 
Table D.3: Screw Configuration Descriptions 
Configuration # Configuration Organoclay Feed Location a Particle Count 
209165 Low Shear s-M2(HT)2 1 15 
209165 Low Shear s-M2(HT)2 4 5 
209165 Low Shear M2(HT)2 1 50 
209165 Low Shear M2(HT)2 4 30 
221134 High Shear-TME s-M2(HT)2 1 19 
221134 High Shear-TME s-M2(HT)2 4 24 
221134 High Shear-TME M2(HT)2 1 286 
221134 High Shear-TME M2(HT)2 4 303 
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221146 Medium Shear - TME s-M2(HT)2 1 47 
221146 Medium Shear - TME M2(HT)2 1 185 
221146 Medium Shear - TME M2(HT)2 4 89 
221122 Eccentric Ring - TME s-M2(HT)2 1 150 
221122 Eccentric Ring - TME s-M2(HT)2 4 62 
221122 Eccentric Ring - TME M2(HT)2 1 278 
221122 Eccentric Ring - TME M2(HT)2 4 550 
221169 1 TME  M2(HT)2 1 286 
221169 1 TME  M2(HT)2 4 386 
221159 2 TME  M2(HT)2 1 378 
221159 2 TME M2(HT)2 4 373 
221177 Low Shear M2(HT)2 1 118 
221177 Low Shear M2(HT)2 4 89 
221186 Medium Shear M2(HT)2 1 63 
221186 Medium Shear M2(HT)2 4 28 
221191 High Shear M2(HT)2 1 24 
221191 High Shear M2(HT)2 4 11 
a 1 = Upstream and 4 = Downstream Side Stuffer 
 239 
Figure D.1: Screw designs  
Low Shear 209165 















































































































































































































































































































































































































































































































































Medium Shear TME 221146 







































































































































































































































































































































































































































































































































































































































Medium Shear TME 221146
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High Shear TME 221134 

































































































































































































































































































































































































































































































































































































































































































































Eccentric Ring TME 221122 






























































































































































































































































































































































































































































































































































































































































































































































Eccentric Ring TME 221122
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2 TME 221159 








































































































































































































































































































































































































































































































































































































































































































1 TME 221169 





















































































































































































































































































































































































































































































































































































































Low Shear no TME 221177 



















































































































































































































































































































































































































































































































Low Shear no TME  22117
 
 
Medium Shear no TME 221186 

































































































































































































































































































































































































































































































































































Medium Shear no TME 221186
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High Shear no TME 221191 


























































































































































































































































































































































































































































































































































High Shear no TME 221191
 
 
Figure D.2: Optical photomicrographs of nanocomposite films made by the ZSK extruder 
with ~3 wt% MMT  
 
a. Upstream feeding and downstream feeding with a side stuffer using the Low Shear, no 
TME configuration 




b. TME Elements, configured with 4 elements to a set 
1 set TME elements                     2 set TME elements 
  
c. Low, medium, and high shear with no TME elements and fed at barrel 1 
Low Shear                  Medium Shear               High Shear 
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